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Metastabilna stanja: 

Zakaj nas zanimajo?



Diamonds are not forever



Je naše vesolje 
metastabilno?
E

φ

Turner in Wilczek (1982)



Napovedi o stabilnosti 
vesolja



Kaj so skrita stanja?
Posebna vrsta metastabilnih stanj



Skrita stanja
E

φ
so metastabilna stanja, ki nastanejo pod 

neravnovesnimi pogoji 



Crystal of 1T-TaS2 grown by Petra Sutar

30 fs



Nenavadni pojavi v spektru
W

1T-TaS2 

E

p
P

Detector

W = 50 fs “write”
E = 50 ps “erase”
P = “pump” (50 fs)
p = “probe” (50 fs)

Ljupka Stojchevska
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Primoz Kusar



Prelop električne upornosti po 
30 fs sunku!

35 fs (800 nm)

1T-TaS2 

Au contacts 

50 um

Laser pulse

35 fs (800 nm)

L Stojchevska et al. Science 2014;344:177-180

Igor Vaskivskyi
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Sprememba elektronskega 
reda po laserskem sunku 

30 fs

Pred sunkom Po sunku
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• V sodelovanju z nami je Stanfordska skupina pojav potrdila junija 2014. 
• Kitajsko-korejsko-ameriška kolaboracija potrdi pojav maja 2015  
• Korejsko-ameriška kolaboracija neodvisno potrdi pojav septembra 2015! 
• Do zdaj že 45 citatov:
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30 fs

Pred sunkom Po sunku

Slike elektronov z mikroskopom na atomsko silo
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Yang et al, Nat. Nanot. (2010)
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Phase change memory. In PCM, two 
electrodes sandwich a chalcogenide glass 
that can change between the crystalline and 
amorphous phase on heating and cooling. 
Such phase changes are induced by passing 
a current through the material to heat it up. 
Information is stored in the phase of the 
active material; crystalline or amorphous 
phases have a different resistance R and 
correspond to the two logic states. One of 
the advantages of PCM18 is that materials 
that have been extensively studied19 and 
that can be mass produced can be used, 
for example in DVDs. The resistance ratio 
between the amorphous phase and the 
polycrystalline phase is over 100 times larger 
than in STT-MRAM devices. Thus, multi-
bit storage might seem achievable; however, 
in phase change materials the amorphous 
intermediate resistance states drift with 
time, t, towards higher resistance, following 
a R(t) = R0(t/t0)ν power-law relationship 
(R0 is the resistance at t0; ν is material- and 
device-dependent), thus making it difficult 
to distinguish the programmed states over 
time. Because PCM is programmed by 
Joule heating, the programming current 
scales down with device area. Programming 
current of the order of microamps is shown 
to be possible when the device area is 
scaled to sizes smaller than 10 nm (ref. 20). 
Advances in the development of materials 
that are based on superlattices, and switch 
phase without melting, promise to push the 
programming current even lower21.

Metal oxide resistive random access 
memory. In devices of this type, a metal 
oxide is sandwiched between two metal 
electrodes. An applied electric field 
induces the creation and motion of oxygen 
vacancies, resulting in the formation of 
conductive filaments in the oxide. This 
changes the device resistance, which varies 
between high and low states. Industry 
has high hopes for RRAM22–24  because 
it uses materials that are common in 
semiconductor manufacturing. Typical 
metal oxides include HfOx, TaOx, TiOx and 
AlOx, all of which can be deposited using 
atomic layer deposition. Although the device 
concept is simple, the physics is anything 
but. There are controversies surrounding 
the shape of the conductive filament and the 
role of the top and the bottom electrodes. 
The mobility, energy and stability of the 
oxygen vacancies remain topics of intense 
study22. As a result of these open issues, 
projection of device reliability becomes 
difficult. Furthermore, RRAMs have 
issues of reproducibility of their electrical 
characteristics; there are large resistance 
variations not just between devices, but 
also between cycles of programming of the 

same device. This problem has been holding 
RRAM back from commercialization despite 
its many attractive features. However, the 
ease with which RRAM can be built in three 
dimensions is yet another strong incentive to 
develop this technology further25.

Conductive bridge random access 
memory. This type of memory26 is a close 
cousin of RRAM, in which the metal 
oxide is replaced by a solid electrolyte 
and one of the electrodes is a metal that 
can easily oxidize into metal ions. On 
application of an electric field, mobile 
metal atoms from the top (active) electrode 
migrate into the solid electrolyte to form 
conductive filaments that bridge the 
bottom electrode. Because of the stochastic 
migration process, the configuration of the 
conductive filament changes every time it 
is re-formed and results in large resistance 
variations similar to those in RRAM. The 
switching voltages of early CBRAM were 
too low (<0.5 V) (ref. 22), which led to poor 
retention. A recent work27 shows significant 
improvement in both the switching voltage 
and resistance variation.

Energy, performance, scalability
Phase change memory has much better 
endurance (~109 cycles) than Flash and 
can easily achieve multi-bit data storage. 
The writing speed of PCM in the tens 
of nanoseconds and its relatively large 

programming current at today’s feature size 
of tens of nanometres make it less attractive 
than STT-MRAM, RRAM and CBRAM. 
STT-MRAM excels in endurance cycling 
and speed, but its low resistance ratio 
requires a memory cell architecture that 
limits its device density. RRAM and CBRAM 
have endurance on a par with or better 
than PCM, and higher speed (of the order 
of nanoseconds), but suffer from resistance 
variation far worse than that of PCM and 
STT-MRAM. All these memories promise to 
scale further than Flash and DRAM (Fig. 2).

When these emerging memories were 
initially proposed, there was hope that one 
of them would be able to serve the entire 
memory hierarchy, meeting the need for 
power, energy, retention, endurance and 
speed required at each level; it was also 
envisaged that these memories could achieve 
high device density at low cost and be 
scalable for many technology generations — 
essentially that they could become a 
‘universal memory’28–30. Now it is generally 
agreed that the vision of a ‘universal 
memory’ is not realistic. Application-
driven design requires the optimization of 
performance at each level of the memory 
hierarchy, and this requires trade-offs in 
device characteristics that span many orders 
of magnitude; this is fundamentally hard to 
achieve by any individual device technology. 
For example, the need for low energy 
consumption during writing operations is 

100 101 102 103 104 105 106 107
10−2

10−1

100

101

102

103

104

105

106

107

 RRAM
 CBRAM
 PCM
 STT-MRAM

Pr
og

ra
m

m
in

g 
en

er
gy

 (p
J)

Cell area (nm2) 

1 4 11 36 113 357 1,128 3,568

Equivalent contact diameter (nm)

Figure 2 | A comparison of a key attribute (write energy versus device size) of emerging non-volatile 
memories. Data from ref. 35. 
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Energija na bit


