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Outline

Motivating the material. URu2Si2 , heavy fermions and

Hidden Order Problem [ Definitely a Strongly Correlated
Quantum Phase]

DMFT.
The “easy” case, Ce 115’s.

URuU2Si2 Insights into the Hidden Order from DMFT.
Conclusions: Motivating the study, a methodological
perspective.



A Hidden Order The CMT dark matter problem. (A. Schofield)
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URu,Si,: T. T. M. Palstra, A. A. Menovsky, J. van den Berg, A. J. Dirkmaat, P. H. Kes, G
J. Nieuwenhuys and J. A. Mydosh Physical Review Letters 55, 2727 (1985




Neutron Scattering. Specific heat vs.
magnetic Bragg-peak intensity. Tc's.
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Hidden order

Moment is tiny
(likely small admixture of AFM phase)

sLarge loss of entropy can not be reconciled
with small moment

» Other primary symmetry breaking.

WHICH?



Heavy Fermion Problem (more
general).

Intermetallic compounds.

Bare (high energy) degrees of freedom: open shell ions, i.
e. Ce, U and conduction electrons.

Low energy degrees of freedom. Quasiparticles composed
of those degrees of freedom sometimes form a heavy Ferm
liquid. M*/M ~50-1000.

Large variety of ground states, superconducting, magnetic
, etc.



Uranium Heavy Fermions
Relevance of the Kondo effect.

Dan Cox, 5fA2 configuration +crystal fields select a ground which is a non
Kramers doublet.

Multichannel Quadrupolar Kondo effect in U . Non Fermi liquid.

Early work of D. Cox. U Phys. Rev. Lett. 59, 1240 (1987)

Other possibilities, magnetic Kondo effect when U is A3

When a heavy Fermi liquid is formed, what is the volume of the Fermi surf
ace? Luttinger theorem: it contains nf+ ncond electrons. Mod 2.

For fA1 configuration ( Cerium ) the Fermi surface expands as the tempera
ture is reduced. The T=0 Fermi surface is well approximated by the LDA F
ermi surface.

Is the true (experimental) Fermi surface of fA2 compounds close to the LD
A Fermi surface as well 7 URu2Si2


http://prola.aps.org/abstract/PRL/v59/i11/p1240_1

Pseudo-gap opens at Tc. URu,Si, measured through optical condu
ctivity, D. A. Bonn et al. PRL (1988).
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Small Effect at TO. Resistivity decreases as T decrease

ThCr,Si, bct - type ( 14/mmm )

IRz e a=4.127 (A)
a7 eu ¢ =9.570 (A)
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T.T.M. Palstra et al.(1985
W. Schlabitz et al.(1986)
M.B. Maple et al.(1986)




Hall effect as function of temperature in different external fields, Y.
S. Oh et al. PRL 98, 016401(2007). Fermi surface reconstruction in
zero and small fields. Very large fields polarized Fermi liquid.
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Presenter
Presentation Notes
This project seeks to understand the behavior of electron-correlated
materials from a microscopic point of view by carrying out spectroscopic
measurements in characteristic systems.
The static and dynamic properties of spin and charge degrees of freedom,
magnetic and electric field fluctuations, disorder, and the role of these 
properties in the intrinsic behavior of the proposed correlated electron 
systems are investigated using nuclear magnetic/quadrupolar 
resonance (NMR/NQR) and muon spin rotation (µSR).


Two representative systems among correlated electron materials
are UR2Si2 and UCu5-xNix.

UR2Si2 displays interesting phase transitions at ambient
pressure and decreasing temperature, first from paramagnetic to 
a not well-understood phase at about 17.5~K, and then from this
“hidden order'' phase to superconductivity at 1.2~K, with 
coexistence of superconducting and hidden-order parameters.
NMR/NQR research is addressing questions on the nature of the 
order parameter, the change of symmetry below the hidden order 
transition, and the existence of homogeneous internal fields 
(time-reversal symmetry breaking).

A good deal of work is also carried out aimed at understanding the role
of disorder on inducing non-Fermi liquid behavior in electron-correlated 
systems.
Non-Fermi Liquid behavior is generally observed when tuning an electron-correlated 
material to a quantum critical point.
This project is addressing questions regarding the role of
disorder and universality in quantum criticality by studying 
the NMR/NQR parameters in the non-Fermi Liquid regime of 
UCu$_{5-x}$Ni$_x$---an intrinsically disordered system---and 
comparing them with those of non-disordered non-Fermi Liquid materials.
Recently, UCu$_{5-x}$Ni$_x$ was found to behave very similarly 
to one of the latter systems (YbRh$_2$Si$_2$).

Muons are implanted in the sample. The life time of a muon is about 2microseconds. When the muon decays, it does so asymmetrically; depending on the direction of its spin. The relaxation function of the muon decays can be fit to a model equation and the parameters of the fit are used to infer the properties of the magnetic environment where the muon stops. In the case of UCu4Ni, the relaxation function is of the stretched exponential type. This indicates that there is more than a single time constant for the relaxation: in fact there is a distribution of relaxation times. In turn, such distribution can only be attributed to disorder, since a homogeneous system would have a single relaxation time. In the stretched exponential case, the parameters are the relaxation time, the stretched exponential exponent (K) and the muon precession frequency (nu). The exponent tells about the degree of disorder in the system. K<1 implies a lot of disorder, while K~2 indicates homogeneous relaxation. The parameter Lambda is similar to a homogeneous characteristic time. Here it is just the average of all rates. Fast relaxation (large lambda) indicates a lot of magnetic field fluctuations at the frequency of precession of the muon, which is the other parameter in the fit (nu). 


Some Proposals for hidden order in the literature

Lev. P. Gorkov: 1996:
-Three spin correlators.

» Chandra et al., Nature’02
- Incommensurate Orbital Antiferromagnetism

e Mineev & Zhitomirsky, PRB '05
- SDW with tiny moment.

e Varma & Zhu, PRL’06
- Helical Order, Pomeranchuk instability of the Fermi surface ?

 Elgazaar, & Oppeneer, Nature Materials’08
- DFT: with weak antiferromagnetic order parameter

e Santini and Amoretti PRL 04

-Quadrupolar ordering.
e Fazekas and Kiss PRB 07
-Octupolar ordering.




Neutron scattering under hydrostatic pressure

H. Amitsuka, M. Sato, N.
Metoki, M. Yokoyama, K.
Kuwahara, T. Sakakibara,
H. Morimoto, S. Kawarazaki,
Y. Miyako, and JAM

PRL 83 (1999) 5114



URuU,Si, Stress in ab plane

Large moment when stress in ab plane
No moment when stress in ¢ plane
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M Yokoyama, JPSJ 71, Supl 264 (2002).

Further Japanese work showed that NMR in unstrained samples did not broaden b
elow TO



P — T phase diagram H. Amitsuka et al. JMMM
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Little change in bulk properties with const. P when crossings into HO(T,) or L
MAF(T,) phases, e.g. opening of similar gaps: Adiabatic Continuity.



Phase diagram T vs P based upon resistivity and calorimetric
experiments under pressure.
E. Hassinger et al. PRB 77, 115117(2008).

Similar to Amitsuka’s T — P phase diagram



"Adiabatic continuity” between HO & AFM
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E. Hassinger et.al. PRL 77, 115117 (2008)



ARPES does not agree with LDA

156 eV URu,Si, 85 eV
(Z)

Binding Energy (eV)

Binding Energy (eV)

K (A

J.D. Denlinger et.al., 2001



Comparison of low-field bulk properties - pure vs.
4%Rh
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Y.S.0h, K.H.Kim, N. Harrison, H. Amitsuka & JAM, JMMM 310,855(2007).



L Effects of Rh Dopiong. U(Rul-x,Rhx),Si,

T HO state in URu,Si, develops a gap in FS below 17K
Rh doping removes HO state to make HF groundstates
Teon~96 K
Tuo=17.5 K
Te~1.5K

Rh x

0.0 0.04

M. Jaime et al. PRL (2002)
N. Harrison PRL (2003)

K. H. Kim et al., PRL (2003)
K. H. Kim et al., PRL (2004)


Presenter
Presentation Notes
Before explaining high field properties, let me briefly summarize the backgrounds of this interesting material, URu2Si2.
Here, I‘m showing susceptibility vs. Temperature at zero field.  This is a typical behavior of kondo lattice material. At high temperature regions above 100 K, kai, susceptibility shows the curie-Weiss behavior, 


Comments concerning Hidden Order

URuU2Si2, at high temperatures is not too different from a garden
variety heavy fermion.
ARPES does not agree with LDA at 30 K.

HO can be totally destroyed by H and Rh-x

HO converts to LMAF by P thru a first order line.

HO and LMAF are remarkably similar (*Mydosh’s adiabatic contin
uity”)

HO opens some form of a gap in optics.

HO likely involves an electronic topological transition

[Hall Effect, also Nernst]

HO exhibits two INS modes:(100)@2meV and (1.400)@5meV of longi
tudinal fluctuations/excitations.

HO (but not LAMF) turns into superconductivity at 1.7 K.



Heavy Femions Early Theoretical
Work.

Early work : variational wave functionsVarma, C. M. and Y
afet, Y., Phys. Rev. B13, 295 (1975);

SlaveBosons MFT , 1/ N, A. Auerbach and K. Levin. Phys. R
ev. Lett. 57 (1986), p. 877

A. Millis and P.A. Lee. Phys. Rev. B 35, 3394 (1987)
Simple description of high and low T regimes.
Very simple Renormalized band theory at T=0.
G.Kotliar A. Ruckenstein extensions to finite U



»
Carly workGeneralized Anderson Lattice Model
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Presenter
Presentation Notes
Ising model of correlated electrons


Dynamical Mean Field Theory. Cavity Construction.
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Presenter
Presentation Notes
Animate, and expand.


Dynamical Mean Field Theory

Exact in the limit of large coordination (Metzner an
d Vollhardt 89) .

Can treat arbitrary broken symmetry solutions delta
IS site , spin, orbital, etc. dependent.

Extension to real materials (Anisimov and Kotliar 19
97, Kotliar et. al. RMP 2006).

DMFT equations are still hard to analyze and solve.

[k]S d,sps [k]S d,f
t(k) % Pd,sSp Ppa,

HIkl o HIKlg2

DFT+DMFT 12



LDA+DMFT exhibit A Ce (115)

CeXling

AFM
SC

AFM+SC

SC

CeColng; CeRhIn, Celring;  CeColng

CeColng | CeRhIng | Celring | PuCoG,
Tc[K] SC23K | N38K SC0.4K | 18.3K
C,/T[mJ/molK~2] | 300 400 750 100

Control by TM substitution


Presenter
Presentation Notes
From the structure we want to derive the properties.


Temperature dependence of the local Ce-4f spectra

SO

At 300K, only Hubbard bands

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

*SO coupling splits g.p.: +-0.28eV

*Redistribution of weight up to very high
frequency

J. H. Shim, KH, and G. Kotliar
Science 318, 1618 (2007).



 Buildup of coherence

Very slow crossover!
Buildup of coherence in single impurity case

[

coherence peak

v

coherent spectral weight

T T

scattering rate

Slow crossover pointed out by NPF 2004

/ 3/2 ol
T T T

Good agreement with Y. Yang & D. Pines < 5ssover around 50K
Phys. Rev. Lett. 100, 096404 (2008).




Optical conductivity in LDA+DMFT
Shim, HK Gotliar Science (2007)

K. Burch et.al. .

D. Basov et.al.

—
292K

100 K

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

*At 10K:
every narrow Drude peak
*First MI peak at 0.03eV~250cm-!
«Second MI peak at 0.07eV~600cm-!



J. Shim et.
al. Science

non-f spectra
10K 300K

‘Larger gap due to hybridization with out of
plane In

Smaller gap due to hybridization with in-
plane In


Presenter
Presentation Notes
Out of plane In controls the physical properties -> we want to play with it.



Conclusions Ce 115’s

*Accounts for many of the observed features of Ce based
heavy fermions.

«Contact with the phenomenology of NPF.

*Crossover is slower than in single impurity becaue of the
self consistency condition feedback.

*Predictions for ARPES currently being tested.

*VValidates renormalized band theory at T=0, explains
why it is not a good guide to experiments at most temper
atures.

*Accounts for Co 3d —Rh 4d -Ir 5d



-
DMFT "STM" URu2Si2 T=20 K

Ru : >

Fano lineshape:

A(w) o [(¢* = 1) +2¢(w/T)]/[(w/T)? + 11
q~1.24, I'~6.8meV, very similar to exp Davis


Presenter
Presentation Notes
Scattering interference between a discrete state and a degenerate continuum of states.



At T=20 small effects on spd larger
gapping of the f's. PES-DMFT

Partial DOS

Ground state atomic multiplet of f2
configuration in tetragonal field

Low T /
_ os(9), —4)) — sin(¢
1 = S (4 +] - 4) —sin@)0
0) = ——(|4)—|—4
\|>\‘/2{|> | —4)) U

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

Only 35K!



DMFT allows two broken symmetry states
at low T. Look for two sublattice structure.

Density matrix for U 5f state J=3/2
the J=5/2 subspace

Large moment phase:

J=5/2

Moment free phase: Q

tetragonal symmetry broken-> Q
these terms nonzero Q



Valence histogram point of view.

The DMFT density matrix has mostly weight in two singlet fA2 configurations
Definitely A2, “Kondo “ limit, J=4, two low lying singlets
Test via photoemission [Denlinger and Allen ]

Therefore there are two singlests relevant at low energies but they are not non
Kramer doublets. Conspiracy between cubic crystal field splittings and tetragon
al splittings bring these two states close.

This is why URu2Si2 is sort of unique.




DMFT excitonic order
barameter

0) = —=(14)— | - 4))

1) =

Order parameter:

i = (Xor (Ri))<_

Different orientation gives different
phases: “adiabatic continuity” explained.
Hexadecapole order testable by resonant X-ray

In the atomic limit;



Simplified foy model phase
diagram mean field theor

Mean field
Exp. by E. Hassinger et.al. PRL 77, 115117 (2008)



Arrested Kondo effect

On resonance

*DFT f-core: goof description of
bands 30meV away from EF

*DFT f-valence: many f-bands at EF,
substantial disagreement with
ARPES & DMFT

DMFT:
very narrow region of f-spectral
weight £10meV around EF appears
below T*~70K
Below 35K, partial gap starts to open-
>singlet to singlet Kondo effect 200meV

At low temperature, full gap in f's (not spd’s).



DMFT A(k,m) vs ARPES

Off resonance

Very good agreement,
except at X point



Surface origin of pocket at X point

LDA+DMET - bulk LDA+DMFT - Si-terminated surface slab

Surface Slab Calculation

Z r X A 7 Ia X Ia

* No hole-pocket at the X-point. « Hole pocket surface state appears at X-point!



Layer resolved
spectra




Fermi surface nesting,
reconstruction below Tc

T>T, T<T,

Nesting 0.6a* and 1.4a*



Conclusions URuU2Si2

522 configuration in the Kondo limit
Hidden order has hexadecapole character

Simple connection between the LMAF and the HO
state.

Fermi surface reconstruction at low temperature

Absorbtion of f degrees of fredom at very low ene
rgies is arrested by a (small) crystal field splitting

D. Cox original guess for UBel3 was (almost) right
for URuU2Si2.

DMFT results should be confronted carefully wit
h experiments.



Conclusion: some general com
ments.

DMFT approach. Can now start from the material.

Can start from high energies, high temperatures, where
the method (I believe ) is essentially exact, far from critic
al points, provided that one starts from the right “refere
nce frame”.

Still need better tools to analyze and solve the DMFT eq
uations.

Still need simpler approaches to rationalize simpler limit

Validates some aspects of slave boson mean field theorie
s, modifies quantitatively and sometimes qualitatively the
answers.



At lower temperatures, one has to study different
broken symmetry states.

At lower temperatures, one has to study
different broken symmetry states.

Compare free energies, draw phase diagram

Beyond DMFT: Write effective low energy theories that
match the different regions of the phase diagram.

Close contact with experiments.

Many materials are being tried, methods are being refined
Contemplating material design using correlated electron
systems.
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Conclusions

DMFT tools can be used to understand/predict
properties of correlated materials

*Kondo effect in URu,Si, is arrested
bellow crystal field splitting energy. Gives room to
ordered states, either AFM state or orbital order.

*AFM state and hidden order state have the same order
parameter: mixing between atomic singlet states.
*QOrientation of the order parameter decided which state
is stabilized.

*Mystery of URu,Si, hidden order solved.



Si

 Strong 2nd layer Ru contri-
bution to G=Z equivalence

Surface State(s) origin

* SS hole band distinctly
originates from the top Si atom

Si

- Some USfweight pulted int
Ru-surface bands —

A(k,w), first 4 layers

* Very little 3rd layer Si contri-
bution to the SS hole band

Ru
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