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Si: platforms for semiconductor and qantum technologies



Isolated impurity level

localized moments

impurity band

Coulomb correlations + disorder

T. F. Rosenbaum et al., PRB 27, 7509 (83)
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Si:P Model system to explore Anderson localization + Mott physics



Degenerately doped Si: doping level, typically above 1019 cm-3

A 10−5 fraction of the total impurities induce unscreened localized moments.

Non-degenerately doped Si:  a doping range of 1014−1018 cm-3
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A mean distance between 
the local moments is less 
than 1 μm,
comparable the size of a 
Kondo cloud.

Kondo effect in degenerately P-doped Si (Si:P)



2nd Workshop on Muon Science Technology and Industry

Two-mode Drude model
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→ n ~ 9.4×1019 cm-3

Two-mode Drude model

→ Two scattering channels

delocalized and localized electrons

Optical conductivity of Si:P
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ESR signatures of spin correlations in Si:P

In the diffusionless limit with  1 ≤ A/B ≤ 2.6 and TD/T2  ≫ 1

→The electron spin relaxation times are much shorter than 

the timescales associated with the electron's diffusive motion. 



H.-A. Krug von Nidda et al., Appl. Magn. Reson. 12, 287 (97)
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Jce−S is the exchange integral between the conduction electrons

and the local moments.

N(EF) is the electronic density of states at the Fermi energy EF.

Δ𝑔 ∝ 𝑁 𝐸F 𝐽ce−𝑆 𝑞 = 0

ESR evidence of spin fluctuations in Si:P
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H. Im et al., Nat. Phys. 19, 676 (23)

The increase in ln(T) and the subsequent decrease in the resistivity at B=0 is 
reminiscent of those of a Kondo lattice compound with disorder.

Differential resistance Rd of Si:P



Above 160 mK, the U-shaped pseudogap with the side peaks
changes into a V1/2-type Altshuler–Aronov gap (paramagnetic, disordered Fermi liquid). 
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Tunneling DOS spectroscopy of Si:P
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In randomly disordered many-impurity Kondo systems, the BCS-like pseudogap without hidden 
superconductivity implies macroscopic coherence, called Kondo condensation.

Field-temperature phase diagram of Si:P

H. Im et al., Nat. Phys. 19, 676 (23)
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𝑃𝑧
ZF 𝑡 = 𝑃𝑧 0 exp(−λZF𝑡)

ZF 𝑇

∝ 1 + exp Τ−ΔZF 𝑇

ZF and LF-μSR of Si:P

28Si (I=0) ~92.23% 

+ no Gaussian relaxation component 

→ dynamic magnetism
S. Lee et al., 

submitted (25)
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TF-μSR: field-induced transition

𝑃𝑧
TF 𝑡 = 𝑃𝑧 0 exp(−λTF𝑡)cos 𝑓𝜇𝑡 + 𝜙 S. Lee et al., submitted (25)
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Magnetic origin of pseudogap in the Kondo cloud condensation

Critical spin fluctuations are a control parameter of the charge 

coherence of overlapping Kondo singlets.



ㆍThe critical spin fluctuations of the Kondo condensate state act as a driving force for

pseudogap formation within inhomogeneous Kondo clouds.

ㆍOur findings broaden the scope of pseudogap phenomena, extending their relevance

into the realm of doped semiconductors.
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Summary
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