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Motivation &

Motivation: Testing our
ability to understand the
electronic structure of
complex
correlated materials.

The driving force:
Experimental probes
Optics,APRES,STM,

Computational tool
is (DFT,DMFT)

interplay

MaterialsDB
PWLINTE Sonne Bepafpry

Developing DMFT into an
electronic structure tool,
understanding qualitatively universal
and system specific aspects.

http:// hauleweb.rutgers.edu

Wien2K+DMFET

multiorbital CTQMC, full potential basis, charge self—consistent.
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1 | ity in EeSi
as Hunds semiconductors
J.Tomczak, KH, 6. Kotliar, PNAS (2012)

MIT in FeO
K. Ohta, R. Cohen, KH, PRL (2012)

|

Computational tools allow to
identify system specific
fingerprints which give us
confidence in our
understanding of

correlated electron materials

Maagnetism and Charge Dynamics.
n | Phictid
Z.P.Yin, KH, G. Kotliar, Nature Physics (2011)
Z.P.Yin, KH, 6. Kotliar, Nature Materials (2011)
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C Weber, KH, 6. Kotliar, Nature Physics 10, 1038 (2010)
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Hidden Order in URU2SI2. Kondo eff
and hexadecapole order.
KH, 6. Kotliar, Nature Physics 5, 796 - 799 (2009).
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Bright Future:Dynamical Mean Field |3

Weiss mean field theory for spin systems
Exact in the limit of large z

i .l l

1 — >
t =

Z Y Z B;S;

1
Bi =) _Ji(S;)
it

Classical problem of spin in
a magnetic field
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Bright Future:Dynamical Mean Field g

(6. Kotliar S. Savrasov K.H., V. Oudovenko O. Parcollet and C. Marianetti, RMP 2006).
Weiss mean field theory for spin systems Dynamical mean field theory (DMFT)
Exact in the limit of large z for the electronic problem
exact in the limit of large z

Z Ji;S:S; Y BS,

Bi=Y J(S;) o
2 e [ Dyt gl B Seom O=Es, vl s
Classical problem of spin in ' - :"_~ -
a magnetic field S /D[v ble — 3 Satom () =3X; [ drdr' ! (7)A(r, 7 )i (7')
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Bright Future:Dynamical Mean Field |

(6. Kotliar S. Savrasov K.H., V. Oudovenko O. Parcollet and C. Marianetti, RMP 2006).
Weiss mean field theory for spin systems Dynamical mean field theory (DMFT)
Exact in the limit of large z for the electronic problem
exact in the limit of large z

Z JS:iS; Y BS,

B; =Y Ji;(S;) S
jz/:, i 7= /D[w w](, i Satom (i)— Zufd'rw*(‘r)H,]w)( )
Classical problem of spin in ' = ,"1 L
a magnetic field S /D[v ] — 3 Satom () =3X; [ drdr' ! (7)A(r, 7 )i (7')

Problem of a quantum impurity Space fluctuations are ignored,
(atom in a fermionic band) time fluctuations are treated exactly
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Bright Future:Dynamical Mean Field |

(6. Kotliar S. Savrasov K.H., V. Oudovenko O. Parcollet and C. Marianetti, RMP 2006).
Weiss mean field theory for spin systems Dynamical mean field theory (DMFT)
Exact in the limit of large z for the electronic problem
exact in the limit of large z

Z JS:iS; Y BS,

Bi=Y Ji;(S;) v
jz/:, @ 7= /D[w w]( Y i Satom(i)— Zufd'rw*(‘r)H,]w)( )
Classical problem of spin in ' = ,"1 L
a magnetic field i /D[v ble~ — 3 Satom () =3X; [ drdr' ! (7)A(r, 7 )i (7')
Improvements:

impurity solvers (Numerically exact continuous time QMC method)
*Charge SC implementation, avoids construction of low energy models
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IRON OXIDE

L —

Very common in life:

Fe2+ pigment, in cosmetics & tattoo inks Wastite, FeO, is important constituent of the

_ Earth’s lower mantle and possibly in the core
Fe3+ corrosion

Physical properties under high pressure still poorly understood.
Important for geophysical science : origin of the Earths magnetic field
Is FeO insulating/conducting in the lower mantle under high pressure and high T?

How does B-field (created in the lower mantle) propagate to the surface?
What is magnetomechanical coupling between the Earth’s mantle and core?
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FeO phase diagram s
Prior understanding of the PD New Phase Diagram 2011
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FeO spectra

(a) 0 GPa, 300 K (b) 68 GPa, 300 K
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Thermoelectricity

LR

S’cT
Temperature gradient creates electric field K+ Kphonon
Existing materials only small efficiency LZKQ/(UT) Lorenz number
Figure of merit of unity is “good”, L~ %(kB/eﬁ = 2.44 x 10°8V2/K?
13 99 . 2_
best™ Is 3 S=VZT x L = 156uV/KVZT

Voyagers &2 ( 10 billion miles beyond Neptune's orbit, 30 years

Volkswagen & BMWV have developed old) still functioning!
thermoelectric generators

electricity.
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FeSI thermoelectric

Best thermoelectrics are
elightly doped semiconductors (Bi2Tes) or
ecorrelated semiconductors FeSbho,NaxCoO2,FeSi
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eclectron-electron correlations due to Hubbard physics

*spin fluctuations

®spin-state transitions : high-spin to low spin
*thermally induced mixed valence
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FeSI thermoelectric

Best thermoelectrics are
elightly doped semiconductors (Bi2Tes) or
ecorrelated semiconductors FeSbho,NaxCoO2,FeSi
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FeSi by

DFT+DMFT &
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Transport well explained by DFT+DMFT.

J.M. Tomczak, K. Haule, G. Kotliar,
Proceedings of the National
Academy of Sciences (2012)
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Dynamics of FeSi
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of Sciences (2012)

LR

*Closing of the gap is due to incoherence at finite T!
*The origin of strong incoherence is in Hund’s coupling

Proceedings of the National Academy
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Fe pnictides

Proximity to magnetic state:
Important to understand nature of SC.
Correlation effects?
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247001 (2009).
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—arly DMFET predictions

PRL 100, 226402 (2008) PHYSICAL REVIEW LETTERS

week ending
6 JUNE 2008

S

Correlated Electronic Structure of LaO,_ F, FeAs

K. Haule, J. H. Shim. and G. Kotliar
Department of Physics, Rutgers University, Piscataway, New Jersey 08854, USA
(Received 9 March 2008: published 2 June 2008)

phonon mediated. Indeed an explicit calculation of the
phonon coupling constants within the DFT, using the
code of Ref. [5], gives a value too small to explain the
observed critical temperature (7, < 1 K).

The situation is different in the doped compound [see
Fig. 4(b)] where the electron pockets clearly cross the
Fermi level. The band velocity and effective mass are
considerably enhanced (3-5 times) while the scattering
rate still remains large. Finally, the hole pockets around
I' remain highly scattered.
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—arly DMFET predictions

. 7 week ending
PRL 100, 226402 (2008) PHYSICAL REVIEW LETTERS 6 JUNE 2008

S

Correlated Electronic Structure of LaO,_ F, FeAs

K. Haule, J. H. Shim, and G. Kotliar
Department of Physics, Rutgers University, Piscataway, New Jersey 08854, USA
(Received 9 March 2008: published 2 June 2008)

phonon mediated. Indeed an explicit calculation of the Unconventional SC
phonon coupling constants within the DFT, usm0 the Phonon Tc<1K
code of Ref. [S] gives a value too smal
observed|critical temperature (7, < 1 K).

The situation is different in the doped compound [see
Fig. 4(b)] where the electron pockets clearly cross the
Fermi level. The band velocity and effective mass are
considerably enhanced (3-5 times) while the scattering
rate still remains large. Finally, the hole pockets around
I' remain highly scattered.
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—arly DMFET predictions s

PHYSICAL REVIEW LETTERS week ending

6 JUNE 2008

Correlated Electronic Structure of LaO,_ F, FeAs

PRL 100, 226402 (2008)

K. Haule. J. H. Shim. and G. Kotliar

Department of Physics, Rutgers University, Piscataway, New Jersey 08854, USA
(Received 9 March 2008: published 2 June 2008)

phonon mediated. Indeed an explicit calculation of the Unconventional SC
phonon coupling constants within the DFT, ll\ll]“ the Phonon Tc<1K
code of Ref. [S]. gives a value too smal '
observed|critical temperature (7, < 1 K).

The situation is different in the doped compound [see
Fig. 4(b)] where the electron pockets clearly cross the
Fermi_level. |[The band velocity and effective mass are
considerably enhanced (3-5 times)while the scattering |nortance of correlations
rate still remains large. Finally, the hole pocKeTs—areunc Mass enhancement 3-5
I' remain highly scattered.
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Magnetic state In standard theory (LDA)| &

Magnetic ordering correctly
predicted by LDA, (nesting)

M2 M| N 7N
U Y W

»
®20)
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Magnetic state In standard theory (LDA)| &

e (a)k =0 m(b) k=n %
Magnetic ordering correctly [/ b N2, NS,
predicted by LDA, (nesting) i
i/@ \9)
nesting /
O
U W N
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Magnetic ordering correctly
predicted by LDA, (nesting)

Magnetic moment:
LDA ~2uB ,

exp ~ 0—-0.9uB (2 in FeTe)
too large moment!

Wrong trend in the size of the
moment across compounds

Thursday, January 12, 12
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Mass enhancement & Magnetic moment
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Mass enhancement & Magnetic moment

Z.PYin, KH, G. Kotliar, Nature Materials (201T1)
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Compounds
Mass enhancement substantial

Electrons have dual nature
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Mass enhancement & Magnetic moment

Z.PYin, KH, G. Kotliar, Nature Materials (201T1)
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Compounds
Mass enhancement substantial
Electrons have dual nature
Good agreement with experiment!
We fixed U=beV and J=0.8eV to
our first principles estimates.

(PRB 82, 045105 (2010)).
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Mass enhancement & Magnetic moment

Z.PYin, KH, G. Kotliar, Nature Materials (201T1)

7 ~@— xy =
»xzlyz A 2.5
6 % EXP optics
vr EXP (AR)PES 20
z P

2.2

xX'-y 1
' ~&-SOW DFT LSDA
SOW DFT GGA
SDW EXP

- DSDW DFT LSDA
DSDW DFT GGA
DSDW EXP

0.5 i

Fluctuating moment *

e TeiSe 111 422 111, 122 FoPd  °°f TeiSe 22 4111 122 Edp
& VPt g ¥ o8 0% o0 8% o QO O

2
Magnetic moment (u,
o

& ¥ A0 P Pt f 37 »v,x A ¢ X CES e gl
o7 o7 ¥ L Tl o T Tt &8 @ (07 (07 <& & o) o) I LT oY J’ g
& E VS g & ST & SO CE F FLLL S S
Compounds Compounds

Mass enhancement substantial
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Good agreement with experiment!
We fixed U=beV and J=0.8eV to

our first principles estimates.
( PRB 82, 045105 (2010)).
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Mass enhancement & Magnetic moment

Z.PYin, KH, G. Kotliar, Nature Materials (201T1)

7 ~@- xy -~
. wxzlyz ‘
6 % EXP optics _
i ¥ EXP(ARJPES |
2
- z
g T Xy’ |
E 4

1- | —
.\! » v P vf) V"’ vg-. vp’s 3 z‘ z v?‘l Y" QO

Qz. PRl & &° ‘\4(0 *gwo‘g‘“:, ,;<°v: g“v‘: 83‘;3“0 P \’c‘o
Compounds
Mass enhancement substantial
Electrons have dual nature
Good agreement with experiment!
We fixed U=beV and J=0.8eV to
our first principles estimates.

(PRB 82, 045105 (2010)).

Thursday, January 12, 12



http://www.physics.rutgers.edu/~haule/papers/PhysRevB.82.045105.pdf
http://www.physics.rutgers.edu/~haule/papers/PhysRevB.82.045105.pdf

Mass enhancement & Magnetic moment

Z.PYin, KH, G. Kotliar, Nature Materials (201T1)
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What reduces Kondo screening?

Orbital & spin blocking
due to Hund’s coupling
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What reduces Kondo screening? i

Orbital & spin blocking
due to Hund’s coupling

Low energy Kondo-like Hamiltonian

JK dT dB,S,CTB“g'CQ,S — O

.8

unless @ = f3

\Aly diagonal Kondo coupling
~ ——
JK Sa e
+Schrieffer—Wolf tr.
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What reduces Kondo screening? ;$

Orbital & spin blocking

, . Low energy Kondo-like Hamiltonian
due to Hund s coupling %

JK d]L dB,SIC});‘S,Ca,S =)

.8

unless x = 3

\Aly diagonal Kondo coupling
~ —
JK Sa e
+Schrieffer—Wolf tr.
Leads to coherence temperature:

(28 + 1)2>
pPJK

Ty r ¢ Y 2z

, T™ o exp (—

2 x Y 2z

|. Okada, K. Yoshida,
Progress of Theoretical Physics 49, 1483 (1973).
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What reduces Kondo screening? ;$

Orbital & spin blocking

, . Low energy Kondo-like Hamiltonian
due to Hund s coupling %

JK d]L dB,SIC});‘S,Ca,S =)

.8

unless x = 3

\Aly diagonal Kondo coupling
~ —
JK Sa e
+Schrieffer—Wolf tr.
Leads to coherence temperature:

e (C252)

pPJK

> x Y5 xz 2Y r ¢ Y 2z

|. Okada, K. Yoshida,
Progress of Theoretical Physics 49, 1483 (1973).
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Strength of correlations
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Fluctuating moment
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Fluctuating moment
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High spin states gain weight with
Increased correlations,
fluctuating moment larger

Due to [tinerancy, fluctuating moment
reduced from 4ug to ~2.5ug!
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High spin states gain weight with
Increased correlations,
fluctuating moment larger

Due to [tinerancy, fluctuating moment
reduced from 4ug to ~2.5ug!
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Kinetic frustration

Effective low energy hoppings
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Kinetic frustration

Effective low energy hoppings
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Kinetic frustration

Effective low energy hoppings
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when pnictogen height large!
Destructive interference leads to kinetic frustration!
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Optics by DFT+DMFT (BaFeAs))

Z.Yin, KH, G Kotliar, Nature Physics (2011).
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Experiment: W. Z. Hu, et al, PRL 101, 257005 (2008).
Nakajima, M. et al. Phys. Rev. B 81, 104528 (2010).
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Optics at higher energy
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Optics at higher energy
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6000 *DMFT SDW aver

Very good agreement between LDA+DMFT and experiment
In the entire frequency range.
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Optical anisotropy predicted $
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Optical anisotropy predicted $
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Optical anisotropy predicted $
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Optical anisotropy predicted $
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, , , QP want to decrease their kinetic energy
Z. P.Yin, KH, G. Kotliar, Nature Physics 2011. by choosing “best path” > orbital

polarization
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Density of states
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Density of states
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Density of states
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Orbital polarization-low energy phenomena|
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Orbital polarization-low energy phenomena
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Orbital polarization-low energy phenomena

— Real
— — Imaginary
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Orbital polarization large at low energy
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Orbital polarization-low energy phenomena
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Orbital polarization large at low energy
(within 300 meV)
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Spin polarization-high energy phenomena
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Spin polarization-high energy phenomena
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Spin polarization-high energy phenomena
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Spin polarization-high energy phenomena
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Dynamical structure factor g
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Dynamical structure factor g

Computed from the two particle response functions
using the fact that the irreducible vertex is local.

w. .0 . as. 09 w. Q.0 w., .01 i, as. 09

W+ iw.a3.03 W +iw.aq.04 W+ iw.a304.0" W+ iw.Q3.03 i +iw.ay.04
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Dynamical structure factor | &

117 :
S(q,w)=—2G25L

Computed from the two particle response functions
using the fact that the irreducible vertex is local.

v, Q.0 iw'. as. 00 iv.o0.0 . Q.0 i, as. 09
—— < o EA
= X + X' .
X X

- - - , . . . , . r-
W+ iw.3.03 W +iw.Qq.04 W+ Iiw.Q304.0 W+ iy

3,03 i +iw.ay.04

The two particle irreducible The LDA+DMFT

vertex function of the impurity | | Self-consistent lattice
Green's function
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Dynamical structure factor

Spin wave for Heissenberg model

e) 'y
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15 10 05 00 05 10 1! b e >
(1, K) (r.Lu.) 05 00 05 10 15 20 25

(H,0) (r.lu.)

Leland W. Harriger, Pengcheng Dai et al., arXiv:i1011.3771
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Dynamical structure factor

Spin wave for Heissenberg model

e) '
- 250 4 — Strongly ;
200 A Damped

S 150
£

= 100 -
50 +
0+
15 10 05 00 05 1 v v v
(1, K) (r.lu.) 05 00 05 10 15 20 25

(H, 0) (r.lu.)

* |[sotropic exchange

Leland W. Harriger, Pengcheng Dai et al., arXiv:i1011.3771
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Dynamical structure factor

) Spin wave for Heissenberg model
o 'y

250 +
” Strongly .
200 A Damped

S 150

g

& 100 -
50 +

0+

15 10 05 00 05 1 v v T
(1. K) (r.L.u.) 05 00 05 10 15 20 25

H Mirlu)

 \/ery anisotropic exchange
ST, =~ 59.2meV
SJiy, ~ —9.2meV

SJy =~ 13.6meV
Leland W. Harriger, Pengcheng Dai et al., arXiv:i1011.3771
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Dynamical structure factor

%

Spin wave for Heissenberg model
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| 3

Fe \/ery ar
SJla ~
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a, SJ2 ~ (H,K) [r.l.u]
Leland W. Harriger, Pengcheng Dai et al., arXiv:i1011.3771

3
8.0)

(0,0)

Thursday, January 12, 12




e
¢
®

1 e S
[ -~ -
b
Dynamical structure factor |
o) Spin wave for Heissenberg model
400
- DMFT
200
2 150 ;
& T-x L i
504 @ 7180k Ly
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A5 40 05 00 05 10 1.:|§ 14
e Very ar =57
b J:bl SJla ~ - N
‘ Y SJip & 8.0 (1,0) (1,1) (0,0)
a, SJy a2 (H,K) [r.l.u]

Leland W. Harriger, Pengcheng Dai et al., arXiv:i1011.3771

No anysotropy needed (above T¢) to explain neutrons
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Dynamical structure factor g
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J. T. Park, D. S. Inosov, A. Yaresko, S. Graser, et al.,
Phys. Rev. B 82, 134503 (Oct 2010).
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Origin of peaks

(H.K.L)=(1,0.1)

(H.K.L)=(0,0,1)
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Large fluctuating moment

Fluctuating moment by neutrons: (,u2> — / d?wn(w)x"(w)
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Large fluctuating moment

Fluctuating moment by neutrons: <,u2> — / d?w.n(w)x”(w)

Experiment by Pengcheng Dai

04° SK. BaNip ) Fe 2As 2 .

—~ o 7KBaFeyAs; ——
] O 30K BaNigFeghsy —f—g

3 304 —- g =
S = d '

o 20 9 ——
. = * + +
& 104 o **-ooﬁr_ + —+—
O B ~2.5ug/Fe

< e k-3 -

" “+
0 100 200 300
Energy (meV)

Thursday, January 12, 12



Large fluctuating moment

Fluctuating moment by neutrons: <'u2> -

Experiment by Pengcheng Dai
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f.m. in RPA calculation
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Large fluctuating moment g
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Fluctuating moment by neutrons: <'u2>

Experiment by Pengcheng Dai
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f.m. in RPA calculation

(U=0.8eV, J=0.2eV)
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Large fluctuating moment can not be explained by a
purely itinerant model.

The DMFT account for a dual nature of iron d
electrons: itinerant and localized nature.
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Heavy fermion materials (| |5)

CeXing
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Ce atom in cage of 12 In atoms
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pressure, magnetic field) between Te[K] i lvanr | weoim
-antiferromagnetism T 50K ~50K 50K
*superconductivity C/T[mJ/molK2] 300 400 750

PuCoGgs
18.3K
~370K
100

-quantum critical point
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Coherence crossover in exp.
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Coherence crossover in exp.
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Issues for the specific system
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Issues for the specific system

* How does the crossover from localized moments
to itinerant g.p. happen?
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Issues for the specific system

* How does the crossover from localized moments
to itinerant g.p. happen?
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Issues for the specific system

* How does the crossover from localized moments
to itinerant g.p. happen?

 How does the spectral
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weight redistribute?

\Where in momentum space
q.p. appear?
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Issues for the specific system

* How does the crossover from localized moments
to itinerant g.p. happen?

 How does the spectral

T o’/"ei// > o

weight redistribute?

\Where in momentum space
q.p. appear?

« What is the momentum
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dispersion of q.p.?
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Issues for the specific system

* How does the crossover from localized moments
to itinerant g.p. happen?

%/:' /"g// : > qﬁ@
_\jt

\Where in momentum space
q.p. appear? - i
« What is the momentum
dispersion of q.p.?

« How does the hybridization gap look like in momentum
space”?

 How does the spectral
weight redistribute?

Thursday, January 12, 12




Temperature dep. of the local Ce-4f spectra g

J. H. Shim, KH, and G. Kotliar
Science 318, 1615 (2007)
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Temperature dep. of the local Ce-4f spectra g
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Temperature dep. of the local Ce-4f spectra g
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At 300K, only Hubbard bands

J. H. Shim, KH, and G. Kotliar
Science 318, 1615 (2007)
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Temperature dep. of the local Ce-4f spectra g
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At 300K, only Hubbard bands

At low T, very narrow q.p. peak
(width ~3meV)

J. H. Shim, KH, and G. Kotliar
Science 318, 1615 (2007)
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Temperature dep. of the local Ce-4f spectra g
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At 300K, only Hubbard bands
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Temperature dep. of the local Ce-4f spectra g
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Angle integrated photoemission vs DMFT
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Angle integrated photoemission vs DMFT
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Angle integrated photoemission vs DMFT
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Angle integrated photoemission vs DMFT
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Angle integrated photoemission vs DMFT
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Angle integrated photoemission vs DMFT
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Angle integrated photoemission vs DMFT g
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-dep momentum resolved photoemission

spectral
function:

A(kw)

T= 10K
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B
-dep momentum resolved photoemission| &
spectral H.C. Choi, B.l. Min, .H. Shim, K. Haule, G. Kotliar
, Phys. Rev. Lett. 108, 016402 (2012).
function:
T= 10K
A(kw)
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-dep Fermi surface-topological change

Fermi surface in the
[ plane
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-dep Fermi surface-topological change | %

T= 10K

Fermi surface in the
[ plane

I X

H.C. Choi, B.l. Min, ].H. Shim, K. Haule, G. Kotliar,
Phys. Rev. Lett. 108, 016402 (2012).
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Optical conductivity

Typical heavy fermion at low T:
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Optical conductivity

Typical heavy fermion at low T:

Narrow Drude peak (narrow g.p. band)
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Optical conductivity

Typical heavy fermion at low T:

Narrow Drude peak (narrow g.p. band)

Hybridization gap
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Optical conductivity

Typical heavy fermion at low T:

Narrow Drude peak (narrow g.p. band)
Hybridization gap

Interband transitions across
hybridization gap —> mid IR peak
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Optical conductivity X
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Optical conductivity

Typical heavy fermion at low T:

no visible Drude peak
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Narrow Drude peak (narrow g.p. band)
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Optical conductivity X

Hybridization gap
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Optical conductivity

Typical heavy fermion at low T:

no visible Drude peak

-_ ~ \J’ci‘k:-l T - (D

Narrow Drude peak (narrow g.p. band)

Hybridization gap

no sharp
hybridization gap

first mid—=IR peak
at 250 cm-!

Interband transitions across
hybridization gap —> mid IR peak

a (@) (Q'em”)
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.01 012 124
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0K
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O|lml olml
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L T v ;
\ B
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CeColns
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A
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F.P. Mena & D.Van der Marel, 2005

E.J. Singley & D.N Basov, 2002
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Optical conductivity

Typical heavy fermion at low T:

-_ ~ \J’ci‘k:-l T - (D

Narrow Drude peak (narrow g.p. band)

Hybridization gap

Interband transitions across

no visible Drude peak

no sharp
hybridization gap

first mid—=IR peak
at 250 cm-!

second mid IR peak
at 600 cm™!

hybridization gap —> mid IR peak

1 A}

a (@) (Q'em”)

-~ -
E [eV]
'T.01 . 0.12 ' “1 24
4 [ Celrln5
I — B K
T — 30K
2 — 100 K
- 0K
0 e -
7' CeColn,
2
0 22220 2 2 2 2azal N " |
100 1000 10000
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w2 [cm’]
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ot
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provey B ol
o 1 2 §:578
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\
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1000 |- ~
s 10K

Py Y A A
3 " » @ Uw % L 1250
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F.P. Mena & D.Van der Marel, 2005

E.J. Singley & D.N Basov, 2002
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Optical conductivity in LDA+DMEFE

=300 K

- 100 K
gl | @) LDA+DMFT [ Z100

”|(*',) (eV)
a,(w)(eV)

0.00 0.05 0.10 0.15 0.20 0.00 0.05 0.10 0.15 0.20
« (eV) w (eV)
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Optical conductivity in LDA+DMEFE

=300 K

- 100 K
gl | @) LDA+DMFT [ Z100

o (w) (eVv)
rr,(.,.')(eV)

0.00 0.05 0.10 0.15 0.20 0.00 0.05 0.10 0.15 0.20
« (eV) w (eV)

At 300K very broad Drude peak (e—e scattering, spd lifetime~0.1eV)
*At 10K:

svery narrow Drude peak

irst Ml peak at 0.03eV~250cm™1

«Second MI peak at 0.07eV~600cm™!
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Multiple hybridization gaps &

10 300K
—300K 200
g | 2) LDA+DMFT | ~ 100}
—-10K e 50
g 1 40
100 30
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, 50 | 10
0.00 0.05 0.10 0.15 0.20
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0
-50
-100
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Multiple hybridization gaps S

- 300 K
a) LDA+DMFT | — '

') ¥

<0)
A

-—10 K

0.00 0.05 0.10 0.15 0.2
2 (eV)

-100

10K

300K
200

150

100

50 |
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Multiple hybridization gaps 5

10K 300K
200 200
50
150 150
41 40
100 100
s ~ 50 S0 }
0.00 0.05 0.10 0.15 0.2
2 (eV)
0 0
-50 -50
-100 -100
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Multiple hybridization gaps 5

10K 300K
200 200
50
150 150
41 40
100 100
s ~ 50 S0 }
0.00 0.05 0.10 0.15 0.2
2 (eV)
0 0
-50 -50
-100 -100
R Z R =
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eHe
v

Multiple hybridization gaps &

a) LDA+DMFT | — .

10K 300K

o, (w)(eV)

- 300 K 200 200
—-30K
—-10K 50
150
40
100 30
20
50 | 10
0
0
-50
-100
R = R L

sLarger gap due to hybridization with out of plane In
Smaller gap due to hybridization with in—plane In
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eHe
v

Multiple hybridization gaps &

a) LDA+DMFT | — .

10K 300K

o, (w)(eV)

- 300 K 200 200
—30K
—-10K 50
150
40
100 30
20
50 | 10
0
0
-50
-100
= R 74

sLarger gap due to hybridization with out of plane In
Smaller gap due to hybridization with in—plane In
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URu25I heavy fermion with hidden order

o a)
3+
e 12
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N. H. van Dijk. PRB 56, 14493 (1997).

TEMPERATURE (K)
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URu25I heavy fermion with hidden order

. . . off a)
Curie-Weiss: u,®f~ 2.2 ug |
g 2] 12
£ 08
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URu25k heavy fermion with hidden order |
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URu25I heavy fermion with hidden order

. . . )
Curie-Weiss: weff~ 2.2 ug | ! ’
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URu25I heavy fermion with hidden order

Curie-Weiss: .~ 2.2 ugoecond order phase transition| | .
0” T*
Elec. cv: y ~ 70 mJ/mol K2 z .l toa2 .
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Hidden Order: The CMT dark matter problem|

‘Moment is tiny

(likely small admixture of AFM phase)

1.5

sLarge loss of entropy can not be reconciled

by small moment

Some other symmetry breaks.

Hidden order parameter

WHICH?

Sinag (YK mol)

0 C,( 1 1

,/

=

U(Pty.55Pdg 02)s ',/" %

UNi,Al, 2
)

1

U(Pt 4sPdg 0s)s { Pl |

Ce(Rug gsRhy 45),S1,

0\ 0.2 04 0.6 0.8
Uptg .Llofd (!J.B I |on)
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Optical conductivity

Pseudo—gap opens at Tc: D. A. Bonn et al. PRL (1988).
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Adiabatic continurty between HO&AFM state

SVIE W n - N eek endi
PRL 98, 166404 (2007) PHYSICAL REVIEW LETTERS 20 APRIL. 2007

Field-Induced Fermi Surface Reconstruction and Adiabatic Continuity
between Antiferromagnetism and the Hidden-Order State in URu,Si,

Y.J. Jo." L. Balicas."! C. Capan.” K. Behnia.” P. Lejay.? J. Flouquet.® J. A. Mydosh.® and P. Schlottmann’

H — T phase diagram. Instead of phase separation between HO and antiferromagnetism our observations
indicate adiabatic continuity between both orderings with field and pressure changing their relative
weight,

30 . . : « HO under pressure converted to AFM phase
through 1st order transition

«Similar Ty and Ty

*Almost identical thermodynamic
0 qguantities (jump in Cv), quantum osc

) 2 3
P p+ P (GPa)
E. Hassinger et.al. PRL 77, 115117 (2008)
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Key experiment: Neutron scattering g

25 LI ! ! T T T T T
PM r -&-T=15K J
20FT, . 100 —_— 13.9¢
, g ——T=20.1K
g-o-om—o— g URu Si V4 9
15 | Q usSi ER
= HO-nesting ey % :
s R L Q=100 ¢
IE 0 —
: URu,Si, | o
—— -
T g
0 ] 1 0
1 2
P, HGPa) P* ! 1 1 1 1

E(meV)
The low energy resonance

A.Villaume, F. Bourdarot, E. Hassinger, S. Raymond, V. Taufour, D. Aoki, and J. Flouqguet,
PRB 78, 012504 (2008)
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Origin of gapping? $

Partial DOS

Small effects on spd electron 1.8
Large effect on U-f's ‘ — tot/2
L0 = U-f T=50K
—U'f T=19K

= Ru-d

Ground state atomic multiplet of f2 '- \ —lSJ'fPT .
configuration in tetragonal field 0
3 1.0
0.8 ,

0.0

cos(d)

=2(14) + | - 4)) - sin(6)[0)

0) = %3(|4>—|—4>)
Only 35K! 0.2

state>==|J=4,Jz> .
| | “;“l-')() —100 =50 (0 50 100 150

wlmeV|

i =
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Origin of gapping!

Small effects on spd electron 1.8
Large effect on U—f’:\%
N0

Ground state atomic multiplet of f2
configuration in tetragonal field

COSS;) (14) + | — 4)) — sin(¢)|0)

i =

0) = 7§(I4> = |=4))

Only 35K!

| state>==|J=4,Jz>

Partial DOS

1.2

e~ LU
3l(

< 0.8

0.0

- tot/2
w | J-f T=50K
— U'f T=19K
w— Ru-d
w— Si-p
--UfT < Ty

0.0

—150 —=100 =350

0
w(meV]

20 100 150
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Origin of gapping! $

Partial DOS

Small effects on spd electron 1.8
Large effect on U-f's _ — t01/2
l'b\\/\ Ui Toiox
wee U-f T=19K
o = Ru-d

Ground state atomic multiplet of 2 1.2
. . . : --UfT < T
configuration in tetragonal field

3 1.0

0.8

D - 06

1) = 5 (14) 4 | = 4)) — sin(¢)|0)
\
0) = ——(|14) — | —4)) -
, V2 0.2
Only 35K!
state>==\|J=4,Jz> - — : - J

| | ”;“1.)() 100 =50 () 50 100 150

w(meV]
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Origin of gapping! $

Partial DOS
Small effects on spd electron 1.8

Large effect on U-f's _ - tot/2
Lo o U-f T=50K
wee J-f T=19K

S —Rp-d
Ground state atomic multiplet of f2 _S"p‘ .

S L

configuration in tetragonal field

- BeMT*

3 1
= (1s|Close toN

Below T,

) = &?(14} + | — 4)) — sin(¢)|0)

V2

0) = 7§(I4) = |=4))

Only 35K!

state>==\[J=4,Jz>
| | “—'—“l.')() —100 =50 (0 50 100 150

w(meV]
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Origin of gapping! $

Partial DOS
Small effects on spd electron 1.8
Large effect on U-f's _ - tot/2
1.6 w—U-f T=50K
e U-f T=19K
3 = Ru-d
. : w— Si-p
2
Ground state atomic multiplet of f - UT<T |

configuration in tetragonal field

BeMT*

Close toN

Below T,

state>==\|J=4,Jz>
| | s —i00 =50 0 50 100 150

w(meV]
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DMFET order parameter

0) = —5(14) —1-4)
1) co\sg’)) (|4) + | — 4)) — sin(¢)|0)
Order parameter: Im1) o< (J)

W = <X01(Ri)><:

R@L' X <( J €T ) Y F 3 f]y J €T ) ('];2 e ']5 >
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DMFET order parameter

0) = —=(14) = - 4))
1) co\sg’))(w + | — 4)) — sin(¢)|0) |
Order parameter: Im1) o< (J)

| | e <( Ja JU +J Y S ) ('];2 i ']5 >

Different orientation gives different phases: adiabatic continuity explained!
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DMFET order parameter

0) = —(|4) — | —¢

0) f (14) —1—4))

i) = co\% (|14) + | — 4)) — sin(¢)|0)
Order parameter: Imt <Jz>

| | e <( Ja JU +J Y S ) ('];2 i ']5 >

Different orientation gives different phases: adiabatic continuity explained!

Does not break the time reversal, nor C4 symmetry. It breaks inversion
symmetry.

Thursday, January 12, 12



‘>‘\:
DMFET order parameter R
0) = —+2(|4>—|—4>) )
o cos(p) — 4)) — sin(o |"' ""
1) = =0+ -4) -sim@)0) |
Order parameter: II'IIL/) - <Jz>

Vi = (X01(R-))<
i Z Ret) o ((Jody+JyJz)(J5—J7)

Different orientation gives different phases: adiabatic continuity explained!

Does not break the time reversal, nor C4 symmetry. It breaks inversion
symmetry.

lgs >= cos(6)|0) + sin(F)e*?|1)

(gs|J|gs) = 4 cos(o)sin(20) sin(y)*(0.0. 1)
Moment only in z—direction!

In the atomic limit:
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The two broken symmetry states

IIIH/) (X <<]z> Rew X <(J;1:°]y+t]yt];lf)('];127_']'_5>

FERE,

oz =10)(8] - |1)(1|
ag)| = H}(l -+ l/‘\ﬂ‘
a2 = i(|1){0] — |0)(1])

) Hexadecapole:
Magnetic moment: x—direction

y—direction

crystal field: z direction

e, 'Y , - I PR 2 i _j
XY-lsing H = Z =rody ~ 3-‘””33 (1|J.|0)|o5 + Z 5(-’,‘)”1‘7{ + Ji50503)
z- 1,

t

LA R
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The two broken symmetry states g
IIIH/) X <e];,;> RGU X <(J;lf']y+Jy’];l?)('];g_']’_5>

HERE,

@€ 0600 @ru
* ® oSi

oz =|0)(0] —|1){1]
oy = |0)(1] + |1)(9]
oo = i(|1){(D]| — |0)(1])

. ) Hexadecapole:
Magnetic m'ome.nt. x—direction
y—direction

_%ystal field: z direction

/

A : l ; \ i 1 S 2 1
XY-lsing H = > -503—50msBI11L )0y + > 5(oie] + ioioy)
- e 1,7

t
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HO&AFM In magnetic field $

KH & G.Kotliar, arxiv: arXiv:0907.3892

Flhl=% > Jseees— Y (he+b™)¢—T) log (cosh (13\/(;_\./2)2 + (h))? /2 + (h2)? ,/2))
~ ija=(1,2) i,a=(1,2) i
254
!
|
= 131
= |u!
. o
(:{r‘_ , AF
c‘“a} 2B~ ‘m R
e Exp. by E. Hassinger et.al. PRL 77, 115117
Mean field (2008)
- NS | 2
Only two fitting parameters: Jo' , Joi e f f tanh(A/(270))

Jefs = 4|J1| +8J>
determined by exp. transition temperature:
Thursday, January 12, 12

Y (7 — A
eff tanh(A/(2Tn))




Neutron scattering experiments |

“Pseudo Goldstone”

Goldstone mode

hexadecapole Symmetry is approximate

“Pseudo—-Goldstone” mode
Fluctuation of m — finite mass

The exchange constants J
= are slightly different in the two phases (~6%)

AE)CNTS /s &) min.
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If you are :
e|oOking for a postdoc
einterested in materials theory

Please apply to Rutgers NOW
haule@physics.rutgers.edu

A
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