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Cross-sectional STM of InAlAs/InGaAs quantum cascade laser
J.Faist, et al., Science 264 (1994) 553

FIG. 1. 60360 nm” filled states STM image of the graded structure with
layer sequence indicated at the bottom of the image, V.=~ 1.6 V. The
black lavers are the InAlAs barriers and the white layers are the InGaAs

wells: b Offermans et al., Appl.Phys.Lett. 83 (2003) 4131




Intrinsic tunnel junctions in layered compounds

Bi,Sr,CaCu,Qg,, : anisotropy pJ/p,, ~10°

High-T, superconductor -> Intrinsic Josephson effect at T<T,

Evidences for tunneling nature of interlayer tunneling in layered compounds:
Bi- and Tl-based cuprates (Bi,Sr,CaCu,Og, Ta,Ba,Ca,Cu,0,,, etc.)
Transition metal halcogenides (NbSe;, LaSe-NbSe,, etc.)

Organic conductors (k-(BEDT-TTF),Cu(NCS),, etc.)
Manganites La, ,Sr; ;Mn,0,
Magnetic superconductor RuSr,GdCu,Oq

Intercalated compounds

Unusual physical properties due to low dimensional (2D or quasi-1D)
electronic structure:

Colossal magnetoresistance, magnetism
Charge/Spin density waves

High-Tc superconductivity

* Important for fundamental condensed matter physics

* Novel applications: Electronics/Spintronics at the ultimate atomic scale?




Intrinsic spin valve effect in layered manganite La, ,Sr, ;Mn,0,
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T. Nachtrab et al.,
Phys.Rev.B 65 (2001) 012410
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Fig. 7. Magneto-resistance of LMSO mesa QUING for field
orientation parallel {solid symbols) and perpendicular {open
svmbols) to the lavers. Bias current is set in the subgap regime
of the I- U characteristic. Inset illustrates magnetization vectors
for zero field, parallel field and perpendicular field above the
threshold field where the jump in R(B) occurs.

Interlayer tunneling spectroscopy of the charge density wave state in NbSe3
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Temperature dependence of the second Peierls
gap for an overlap junction (sample No. 3. full cir-
nd a NbSey-NbSes pomt contact (empty circles)




Intrinsic tunneling in HTSC

c-axis Current-Voltage characteristics of Bi,Sr,CaCu,0g4,, mesas
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From: V.M.Krasnov, et.al.,
V/ N (mV) Phys.Rev.Lett. 84 (2000) 5860

I-V curves of small Bi2212 mesas exhibit typical SIS type tunnelNf@'$ with almost T-independent
normal resistance and a pronounced knee at the sum-gage/s#aNA/e.
Inset showd'- dependencies of the zero biag, RormalR, and the total sub-gaR N resistances.

Sample fabrication:

1. Self-alignment Cross-bar Photolithography
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2. Trimming by Focused lon Beam writing
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Evidence for co-existence of the Superconducting- and the Pseudo-gaps

Optimally doped B2212
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Dynamic conductance of a Bi2212 mesa at diffeflent
Inset shows detailed curves for high T. Coexistence of
the superconducting pea¥,, and the pseudo-gap hump,
Vo is Clearly visible al=77.7 K.

From: V.M.Krasnov, et.al., Phys.Rev.Lett. 84 (2000) 5860

Temperature dependence
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V.M.Krasnov, et.al., Phys.Rev.Lett. 84 (2000) 5860




Magnetic field dependence of the gaps
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a(V) curves of a Bi2212 mesa at differ@nfor
H=0 (thin lines) andH=14T along the c-axis (thick

lines) . The existence of &,H)

dependent

superconducting peak and thigH) independent

"background" PG dip-and-hu

mp is clearly seen.

From: V.M.Krasnov, et.al., Phys.Rev.Lett. 86 (2001) 2657

Phonon spectroscopy
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K.Schlenga, et al., Phys.Rev.B 57 (1998) 14518

2eV = h CUPhR

Inelastic interaction between-dosephson
effect and optical Raman active phonons
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Fig. 4. Fine siructure in the d/jd{/-characteristics of a Josephson
breal junetion in a BSCCO single crystal at different temperatures
‘The dashed lines indicate the resonance voltages Upe,
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Ya.G.Ponomarev et al. Solid St.Commun. 111 (1999)
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Conclusions-1

e Intrinsic tunneling spectroscopy provides a unique way to probe BULK
electronic properties of HTSC (as opposed to surface tunneling spectroscopy, which is
sensitive to surface deterioration at ~1 atomic layer, or formation of surface states)

Superconducting and Pseudo-gaps are clearly observed by intrinsic
spectroscopy.

Temperature, Magnetic field and doping dependencies point towards different
origins of the two gaps in HTSC.

(i) The pseudo-gap and the superconducting gap c@aisic. The PG does not
continuously transform into the SG beldw

(ii) Below Tc the PG hump position is correlated with the SGcgeaconvolution of
two separate peaks in the DOS due to SIS tunneling.

(iii) Different T-dependencies: the SG vanishe$ at Tc, while the PG is almost
temperature independent.

(iv) DifferentH-dependencies: the SG vanisheblat Hc2(T) andHc2(Tc) - 0;
while the PG is almost field independent.

(v) Crossing of the SG and the PG at the doping phasgeasiimand indication for the
existence of the critical doping point@t0.19.

Quantum cascade laser

J.Faist, et al., Science 264 (1994) 553
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Operation principle:
*Coupled quantum wells
*Population inversion by resonant tunneling
*Cascade amplification of light intensity




E Non-equilibrium effects in
superconducting superlattice
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Quantum cascade phenomenon in Bi-2212
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V.M.Krasnov, Phys.Rev.Lett. 97,257003 (2006)
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Phonon generation-detection experiment
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FIG. 15, Experimental and theo-
vetical curves of derivative of de~
tector response as a function of
generator current for an Sn-I-Sn
tunnel junctien. The theoretical
curve was calculated assuming a
temperature of 0°K and complete
Teabsorption of phonons of energy
Kw > 24. See fext.

Time of flight experiments
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F1G. 17. Tracing of boxear output as a function of
tirme for three values of atreas. Pulaed=double=junction
experiment. Peak genevator current 1.5 A. Pulse dura-
tion 0,05 usec,

0.4 cm (Ge)
1.5 cm (AL,Oy)

R.C.Dynes and V.Narayanamurti, Phys.Rev.B 6 (1972) 143




Monochromatic phonon generation by Josephson junctions

Sn-Sn0,-Sn A-AIO,-Al

Si:
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FIG. 1. Time evolution of the phonon spectrum for a

fixed Josephson frequency. Insets:

{a) geometry of

spectrometer crystal, J is the Josephson junction;
(b} I-V characteristic of the Sn junction at various mag-

netic fields.

P.Berberich, R.Buemann and H.Kinder, Phys.Rev.Lett. 49 (1982) 1500

Multi-terminal devices for
generation-detection experiments

Cutting and deposition of extra
contact electrodes (Pt) by FIB

Cutting after deposition of Pt electrodes
for true 4-probe measurements
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Detection of recombination radiation
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Non-equilibrium spectroscopy
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Secondary non-equilibrium braking bands
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FIG, 4, Calculated rates of generation of primary and
of secondary quasiparticles and phonons as a function of
particle energy (in units of the gap energy) for a junction
biased to a potential v >>24a/e,

1.L.Singer and W.E.Bron, Phys.Rev.B. 14 (1976) 2832
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*Nonequilibrium distribution (population inversiohy tunneling
eCascade amplification of radiation in a superlattice

Conceptual differences

60

* The band gap is not due to quantization in a quantum well but D in the
superconductor. Whence, the effect disappears at T>Tc.

* Emitted are predominantly phonons rather than photons (HTSC?)

*Stimulated emission occurs at resonant condition when two phononic (rather
than electronic) bands overlap.
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Conclusions:

» Natural atomic superlattices occur is a variety of strongly anisotropic
layered compounds.

* Single crystals of such compounds represent stacks of atomic scale
“Intrinsic” tunnel junctions

* Intrinsic tunneling spectroscopy is a new powerful spectroscopic
technigue, which is indispensable for fundamental studies of bulk electronic
properties of those materials

» Non-equilibrium effects may provide a key to understanding the coupling
mechanism of HTSC: Need to identify the recombination radiation

Advantages:
 Unique origin of tunnel junctions (HTSC)
» Highest quality — single crystals
» Pre-made by nature
« Easy to integrate many junctions, perfect for 3D integration
» Unique properties: High T, High I .R,, suitable for THz applications

n?
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