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Abstract: The heavy fermion URuU2Si2 boasts a 25 year old mystery. Its "hidden order” phase transition at Tc=17.5K has eluded the onslaught of
theory and experiment to describe the complex underlying mechanism. Whether the transition is due to conventional ordering of k-space heavy
electrons or to a change in hybridization of the r-space states at each magnetic-moment-contributing U atom is unknown. Addressing the problem
requires a probe which can simultaneously measure the real space and momentum space structure, making spectroscopic imaging STM (SI-STM)
the natural choice. SI-STM studies of URu2Si2 above Tc reveal the first images of the Fano lattice electronic structure, the real-space spectroscopic
manifestation of a periodic array of localized Kondo resonances at the U sites. Below Tc, however, a hybridization gap opens in the density of
states. Quasiparticle interference imaging reveals a concurrent rapid splitting of a light symmetric k-space band to form two new heavy bands
exhibiting momentum space anisotropy. Thus, the "hidden order" state emerges directly from the Fano lattice electronic structure and exhibits
characteristics of alterationsin the hybridization of states at each U atom.
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Heavy Fermions — Basic Features

» Electronic density of states up to 1000 times
higher than copper at low temperatures
— Seen in specific heat and magnetic susceptibility
measurements
— Heavy effective mass m* - INFERRED

» Partially filled f~-shell

— Matrix of localized magnetic moments immersed in a
sea of conduction electrons at high T




Impurity Many-Body Kondo Resonance




Kondo Resonance — Fano Lineshape
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Impurity Many-Body Kondo Resonance ({
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€g -€nergy of resonantstate
[ - width of resonance
{ -coupling ratic
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Heavy Fermion — URuU,Si, =)

s 09

T =1.5K

v=65mi/mol /K>

%o =2.8x 10 3cm?*/mol

m™ =25m_ - 50m_

T*~ 55K

Magnetic/HO transition Ty =17.5K

Tiny AFmoments of 0.03u,

Palstra et. al. PRL 55, 2727 (1985)
Maple et. al. PRL 56, 185 (1986)



URu,Si, — ‘Hidden Order’!
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Key Questions 4

* What is the real space structure of a Kondo
lattice?

* What s the relationship between the
Kondo lattice and the ‘hidden order’ state?

* What are the alterations to real and
momentum space states which signal the
onset of the ‘hidden order’ transition?




Spectroscopic Imaging - Scanning Tunneling
Microscope (STM)




mK
Spectroscopic Imaging-STM




Low Temperature &-,» ._ *'i
Spectroscopic Imaging-STM NS

Air Springs
Pb-filled Table







Spectroscopic Imaging =

dl

(r.1)=g(r.})c LDOS(r,E =eV)

dVv
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Spectroscopic Imaging

yoc LDOS(r, E =€eV)

F)=g(r.})




Visualizing Spatially and Energy Resolved LDOS((55

[ DOS{r,1.5mV)

L DOS(r.0.5mV)

[ DOS(r,-0.5mV)




Nanoscale Disorder
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Achievements of SI-STM =)

Cuprate Physics

VortexCoreStates  ElectronicStructure Cooper Pair Extinction
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Heavy d-electron quasipartiicie interference and realspace electronic structure of Sr,Ru,0,
Nature Phys. 5. 800 (2009)

Imaging the Nematic Electronic Structure of Underdoped Ca(Fe,,Co,),As
Science (2009)




URu,Si.:
Fano Lattice




Cleave Planes




Spectroscopy — Si Layer
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Maitseva M. et al PRL 103, 206402 (2009) Haule. K. & Kotliar, G. Nature Phys. 6. 769 (20089




Average Conductance (arb.)
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Temperature Dependence of Fano Spectra
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Average Conductance (arb.)
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Fano Subtracted Conductance
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Fano subtracted conductance (arb,)
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URu,Si,:
Temperature Dependent
Heavy Quasiparticle Interference
Imaging
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Average Conductance (arb.)
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Average Conductance (arb.)
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Normal Subtracted Conductance (nS)
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Quasiparticle Interference

Scattering between k - space states

produces LDOS interference patierns
in real-space.

Modulations in LDOS(E)

from elastic scattering of
k quasiparticles




1.9K Real Space Conductance Map
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1.9K Real Space Conductance Map =
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Density of Gtates (arb.)

1.9K Real Space Conductance Map
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Density of States (arb))
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Density of States (arb.)
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Dansity of States (arb.)
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1.9K Real Space Conductance Map
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1.9K Real Space Conductance Map
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1.9K g-Space Conductance Map
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1.9K g-Space Conductance Map ;
g(q.E)
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Density of States (arb.)
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1.9K g-Space Conductance Map
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1.9K g-Space Conductance Map
g(q,E)
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Density of States (arb.)
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1.9K g-Space Conductance Map 5
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1.9K g-Space Conductance Map
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Density of States (arb.)

1.9K g-Space Conductance Map
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1.9K g-Space Conductance Map 2
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1.9K g-Space Conductance Map
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1.9K g-Space Conductance Map
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1.9K g-Space Conductance Map
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1.9K g-Space Conductance Map __
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Anderson/Kondo Lattice Model




Heavy QPI - Tracing QPI
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Heavy Fermion & Hidden Order AT
Discoveries
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e T >1T.,- Fano Latlice

— Visualization of Kondo-screening many-body state in a magnetic

lattice — NEW window on Heavy Fermion problem
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Discoveries T
e T >T.,- Fano Latlice

— Visualization of Kondo-screening many-body state in a magnetic
lattice — NEW window on Heavy Fermion problem

« | < l.n- Aeavy rermion Aondo Latice

— "Hidden Order gap corresponds with MFT predictions for a

neavy fermion gap
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Visualization of Kondo-screening many-body state in @ magnetic

lattice — NEW window on Heavy Fermion problem
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‘Hidden Order’ gap corresponds with MFT predictions for a

heavy fermion gap
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lattice — NEW window on Heavy Fermion problem
* T <T.,- Heavy Fermion Kondo Lattice

— "Hidden Order gap corresponds with MFIT predictions for a

heavy fermion gap
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— Visualization of Kondo-screening many-body state in a magnetic

lattice — NEW window on Heavy Fermion problem
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‘Hidden Order’ gap corresponds with MFT predictions for a

neavy fermion gap




Heavy Fermion & Hidden Order
Discoveries

Alteration of local U atom many-body state and
associated hybridization changes are
responsible for ‘Hidden Order’




Future Work

Spectroscopiclmaging STM opens a whole new
window into the heavy fermion problem

— Visualization Kondo lattice formation/deformation

— QPI carry symmetries of the Kondo interactions and the
intricacies of the heavy bands

— QPI will reveal first evidence for heavy f-electron
superconductivity

— The symmetry of the "hidden order is within reach
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