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We can measure many of their correlations of KS
guantum materials only imperfectly with existing tools.
A promising direction is nonlinear response e.g.

Pi = xijk®E;
Pi = yikeEExE

Mi = yixmB;BxBi
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Conclusions
2D coherent THz spectroscopy is a new nonlinear ¢ technique
with vast potential for guantum materials

Can get unique information about spin liquids (experiments
ongoing... theory now only)

Photon echo observed in a electron glass —> not continuable to
weakly interacting disordered “Anderson insulator’; a “non-Fermi
glass”

Cuprate superconductors show a large regime of normal state x©
nonlinearity; anomalous response unlike that of normal metals




2D Coherent Terahertz Spectroscopy



2D Coherent Spectroscopy
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Measure nonlinear response and plot
as function of pump and probe
frequencies

Anti-diagonal width can be intrinsic
lifetime and homogeneous and
inhomogeneous broadening can be
separated.
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2D NMR Spectroscopy Nuclear Overhauser Effect SpectroscopY
(NOESY) spectra of codeine
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2D THz Coherent Spectroscopy
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2D THz Coherent Spectroscopy
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Third order non-linear response
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Spin systems with fractionalization



Spin singlet formation in a spin liquid
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Spinon Continuum in 1D KCuFs

B. Lake et al. (2013)
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Absorption (a.u)

Fractionalization: 1D Ising chain in small transverse field
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Purported Spinon Continuum in higher dimension
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Simplest model for fractionalization.
Ising chain in transverse field. Can be
mapped to model of non-interacting
particles.
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Electron (Glasses



Lightly doped Si
Si:P @ 39% of nc

np~1.8x1018/cms3

€~ 13 nm
np-!3~9 nm
FBohr ~ 2.5 Nnm

INSULATOR METAL E~14 (&si~11.7)
€ > nplB3

Samples previously used for studies of
DC hopping conductivity and AC
conductivity in phononless regime

Rosenbaum et al. PRL 1983




Electron Glasses
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Ensemble of orbitals localized in real space due to
disorder — Anderson insulator




Electron Glasses
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Insulators have long-range 1/r Coulomb interaction; no
screening

Energy levels are not just a function of local disorder and site
occupations; energy is a strong function of other occupations




Phys. Rev. B 69, 014201 (2004)

P dOped Silicon Phys. Rev. B 23, 5472 (1981)
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Is the electron glass adiabatically connected to the Anderson insulator?

“ (The) Fermi liquid theorem is a rigorous consequence of the exclusion
principle, it happens because the phase space available for real
interactions decreases so rapidly (as E2Z or T2).

The theorem is equally true for the localized case: at sufficiently low
temperatures or frequencies the non-interacting theory must be correct,
even though the interactions are not particularly small or short range:
thus the non-interacting theory is physically correct: the electrons can
form a Fermi glass.”

-P.W. Anderson, 1970




P doped Silicon: Doping dependence

Insulator ...Metal
X/X.=39 % X/x.=50 % X/x.=55% X/X. =62 % x/x.=70% X/x =85 %
2 — e 2 e 2 —_—— 2 —_—— 2 —— 2 —_— .
1.5} o 1 15} & 1 1.5} d 1 1.5} . 15} - 15}
1t 1 1t 1 1t 1
o 05} < 05 o 05 5 05 < 05 o 05 ?
£ £ £ £ £ L
= of = of = of = of = of = o WS
o o o (o on o
o o . o o o o
<05 < .05 = .05 =05 =051 = .05
1 1 At 1 1 1
1.5 15 1.5 15 15 15
2 ; : 2 : : -2 : 2 e 2 : 2 : :
0 05 1 15 2 0 05 1 15 2 0 05 1 15 2 0 05 1 15 2 0 05 1 15 2 0 05 1 15 2

freq. (THz) freq. (THz) freq. (THz) freq. (THz) freq. (THz) freq. (THz)



2D Terahertz spectroscopy on a localized electron glass system
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Frequency v, (THz)

2D Terahertz spectroscopy on a localized electron glass system
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Sharp, but marginal excitations in an interacting localized
system: “a non-Fermi glass”
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Optical response from Non-Linear response from two overlapping intense THz pulses
one intense THz pulse
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Temperature dependence of THz nonlinearity spectroscopy contributions

superconductors is expected, but
this is anomalous.
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Temperature dependence of THz nonlinearity spectroscopy contributions
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Temperature dependence of 2D spectroscopy contributions

Peak Amplitude in 2D map (a.u.)
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is removed in the nonlinear optical response. A giant

characteristic of nonlinear Josephson tunneling, is observed in La; ggsBag.115CuO,4 above
the transition temperature T, = 13 kelvin and up to the charge-ordering temperature
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Conclusions
2D coherent THz spectroscopy is a new nonlinear ¢ technique
with vast potential for guantum materials

Can get unique information about spin liquids (experiments
ongoing... theory now only)

Photon echo observed in a electron glass —> not continuable to
weakly interacting disordered “Anderson insulator’; a “non-Fermi
glass”

Cuprate superconductors show a large regime of normal state x©
nonlinearity; anomalous response unlike that of normal metals




