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Life exists (only) out of equilibrium
Edwin Schroedinger, What is life? (1944)
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“False vacuum state”

Metastable states

Metastability: what are the mechanisms ?
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via photoabsorption of visible-IR light [6].
The sample is a single crystal Pr0.7 Ca0.3 MnO3 grown
by the floating-zone method as described previously [1].
A thin slice was cut from a boule and the surface
was mechanically polished to a mirror surface. It was
FIG. 1. The resistance of the sample and the I-V relationship
annealed at 1000 ±C for 24 h under O2 flow to remove
(inset) at some representative temperatures. Within this voltage
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Abstract. The possible domain structures which can arise in the universe in a spontaneously
broken gauge theory are studied. It is shown that the formation of domain walls, strings or
monopoles depends on the homotopy groups of the manifold of degenerate vacua. The
subsequent evolution of these structures is investigated. It is argued that while theories
generating domain walls can probably be eliminated (because of their unacceptable
gravitational effects), a cosmic network of strings may well have been formed and may have
had important cosmological effects.

$, &ℎ()* (,-.*

1. Introduction
Gauge theories with spontaneous symmetry breaking have come to play a central role in
elementary particle theory. Kirzhnits (1972), and Kirzhnits and Linde (1972, 1974)
suggested that as in ferromagnets and superconductors the full symmetry may be
restored above some critical temperature. That this actually happens in a class of
theories where the symmetry breaking occurs through the acquisition of a vacuum
expectation value by an elementary scalar field has been demonstrated by Weinberg
(1974) while Jacobs (1974) and Harrington and Yildiz (1975) have examined models of
dynamical symmetry breaking in which the role of the order parameter is played by a
composite field operator. (See also Bernard 1974, Dolan and Jackiw 1974, Dashen eta1
1975, and Linde 1975.)
In the hot big-bang model, the universe must at one time have exceeded the critical
temperature so that initially the symmetry was unbroken. It is then natural to enquire
whether as it expands and cools it might acquire a domain structure, as in a ferromagnet
cooled through its Curie point. Zel’dovich et a1 (1974; see also Kobzarev et a1 1974)
have discussed this question, and in particular pointed out the important gravitational
effects to be expected of56789:
domain walls. Everett (1974) has studied the propagation of
waves across a domain boundary.
The aim of this paper is to discuss the topology and scale of the possible cosmic
structures that might arise. After reviewing the results of Weinberg and others on phase
transitions in a simple class of models in 0 2, we discuss in 0 3 the initial formation of
‘protodomains’ as the universe cools. The possible topological configurations are
examined in 0 4. These include domain walls, strings and monopoles. We show that
their occurrence is largely determined by the topology of the manifold M of degenerate
vacuum states (specifically by its homotopy groups). (Coleman (1976) has stated the
same result in a differentcontext. In the case of monopoles it has been proved by Krive
and Chudnovskii 1975.) In 0 5 we examine the later evolution of these structures. We
show that domain walls can be of two main types with very different transmissivity, and
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Just domains, or new emergent states?
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Crystals of 1T-TaS2 grown by Petra Sutar

A system with competing Coulomb, Fermi surface instability, spin frustration and lattice strain and quantum tunneling...and more.
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FIG. 1. !Color online" Variation of the crystallographic cell parameters with copper content in 2H-CuxTaS2. Standard deviations
on the cell parameters are smaller than the points.

standard four-point probe technique. Specific-heat measureFIG. 2. !Color online" Temperature dependent resistivity on
ments were also performed in the PPMS by using the therpolycrystalline pellets of CuxTaS2. Inset: detail of superconducting
192602-3
Liu
et al. in CuxTaS2 for x = 0.01, 0.04, and 0.08.
Appl. Phys. Lett. 102, 192602 (2013)
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10–3
0
100
300
400
600
THE CHARGE
DENSITY WAVE
PHYSICAL REVIEW B 78, 104520
"2008#
no systematic trend inTUNING
the absolute
magnitudes
of theAND…
mea–3
)
7.02
7.80 MOTT PHASE
8.57
Density (g cm MELTDOWN
suppressed, while CCDW
phase reproduces and a metallic
OF THE
T (K)
sured resistivities, which we attribute to the effects of grain
Rp (%)
15.03
5.15
8.91
behavior arises until x ¼ 2. Figure 4(b) shows the highboundaries and differing preferred orientations in the polyof the14.08
superconducting
Rwp (%) FIG. 3. !Color
17.47online" Characterization
6.39
temperature resistivity to magnify the NCCDW transition
crystalline pellets. The samples show the presence of a sutransitions through
of the temperature
dc
2.00 measurement
3.79
14.97dependent
v2
The
standard
way
of
influencing
the
Mottmetallic
phase
is The
to aVect
from
normal
phase.
NCCDWthe
transition obvi10–4
magnetizations in CuxTaS2.
perconducting transition in the resistivity at temperatures beFigure 1 Ambient-pressure phases of 1T-TaS2 . The phases are: a metallic phase
ously
shifts
to higher bandwidth.
temperature with Se
content, in agreeratio between the Coulomb
and
These
at temperaturesrepulsion
above 550
ICCDWthe
phase
above 350
K; an NCCDW
phase
FIG.K;5.an
Temperature
dependence
of magnetic
susceptibility
for
optimally
ment
with the larger
ion radius(xof¼Se
thanleft
that
ofweek
S. theending
104520-2
superconducting
sample
1). The
shows
above
190correspond
K; afrom
CCDW Mott
phase
belowparameters
190 K;1T-TaSSe
in additionU
there
is a trigonal
phase initial
and
tinset
of
two relevant
energy
scales
to the
26
OCTOBER
of lattice distortion
by the decrease
of bond
angles
(h)
M(H) isotherm at 2 K, where the light green line stands
for
the linear fitting 2012
"
"
present
solely
during
the
warming
up
cycle
between
200–300
K
(refs
9,10,45).
in
the
low-field
range.
The
right
inset
shows
the
magnetization
hysteresis
to hSe!Ta!Se (86:014
). Figure 3(d)
shows
hS!Ta!S (87:234
the )single-band
Hubbard
Hamiltonian,
usually used to consider the Also
10–5
0
50
loops of 1T-TaSSe
2 Kcommensurate
with H parallel to phase
the c-axis.
are the
Ta atom distortions
in the atfully
(bottom left
the variation of lattice parameters (a, c) andshown
unit cell
volume
(a) 400
(a)
Mott
transition,
x of=1T-TaS
0 2 (top right inset).
and the crystal structure
(V) with Se content. The values of a, c, andinset)
V monotonously
Normal metallic
The temperature dependence of in-plane resistivity (qab )
X
Xthe larger
increase with Se content, in accordance with
ion ra300
measurements on 1T-TaS2–xSex (0 # x # 2) is shown in Fig.
dius of Se than that of S. H
This=
is totally
c i,† from
+ Ubelow 200
t different
c j, the+ 1.0
c j,† 4(a).
c i, At first
n i,"
300
K, n
it i,#
is observed a first-order transi0.0007
case of the substitution of Fe at Ta site in 1T-FexTa1–xS2,28
tion from the NCCDW
to the CCDW phase. The CCDW b 250
i
NCCDW
hi,ji,with
Theincreasing
neighbouring
NCCDW phase
equally
contains David-star
where the values of c almost have no change
transition gradually shifts to lower temperature with increas9
Fe content, while the values of a decrease clusters,
due to the although
smaller
0.0006
.
they
are arranged
in a insulating
less uniform
manner
(Melted Mott)
AL
ing x content,
and the Mott
phase at
low tempera200
200
0.0
ion radius of Fe than that of Ta.
that
in the
Ambient-pressure
X-ray
studies
in 1T-TaS
tures
completely
disappears
for2 xreveal
> 0:8.ofMore
NCCDW
where c i, and c i,† are
the destruction
and
creation
operators
an significantly,
0.0005
NCCDW phase several
tens†ofof
stars organize
intoforroughly
the signature
emerges
x ¼ 0.9. The
150
TSC 30
high
spindomains,
, andmaximum
n i, =reproducing
c csuperconductivity
occupation
electron at site i and with
i, is the
hexagonal
locally
the CCDW
phase10,27 . The
ofi,superconducting
onset temperature
is %3.6 KCCDW
100
CCDW
0.0004
Li et al. EPL 2012operator. For the special
of
the
triangular
lattice
-1.0
for the
optimal
sampleregions
with x ¼where
1 of
[see David
the
of Fig. 4(a)].
domainscase
are separated
by
triangular
theinset
amplitude
& 100
x overlap
> 1:6,forming
the superconductivity
atstructure
low temperatures
(Mott) FIG. 8. !"a#–"d#$ Temperature
SC evolution of the electron- stars in 1T-TaS2 , t of
the U
deformation
isthe
reduced,
planar
that is
and
map toAbove
of the
the
electronic
Mott
10,27
suppressed,
while
CCDW
phase
reproduces
and
a
metallic
diffraction
"ED#
patterns
in
the
hk0
plane
for
Cu
TaS
.
Bright
360
K
0.04
2
low
0
resembles the kagome patchwork .
500.0003
spots are the diffraction peaks from the hexagonal crystal structure. wavefunctions defined by the deformation
localized
stars,
arises
until x ¼at
2. David
Figure 4(b)
shows the high-state
0.05
0.00
0.01
0.03 but 0.04
We have carriedbehavior
out resistivity
measurements
on 1T-TaS
Diffuse scattering 0.02
is present at high temperatures,
at 55 and 25
2 under
0.0
1.0the
temperature
resistivity
tothe
magnify
NCCDW transition
-1.0
K, the diffraction peaks
the CDW are
clearly observed. "e# hk0 and the Coulomb interaction
of the
electrons
above
gap
within
Fe from
Content
(x)
pressures ranging
from
0normal
to 25 GPa
and temperatures
ranging
from
00.0002
plane ED pattern at 11 K of 2H-TaS2. The weak sharp CDW remetallic
transition obvi0
5
( -1)The NCCDW(d)
(b)K (Fig. 2).from
(b)
(c) k phase.
to 300
respectively.
betweenK
the fundamental reflections.
"f# the
x = 0 atflections
30 Kare clearly shown 300
360
K same David star, 1.3
ously shifts to higher xtemperature with Se content, in agree0.0001
and "g# are the intensity profiles of the fundamental and the CDW
At
temperatures
below
250
K,
we
observe
a
first-order
transition
ment
with
the
larger
ion
radius
of
Se
than
that
of
S.
380
K
The
qualitative
understanding
of
the
observed
phase
transition
reflections measured !along the dashed line in Fig. 8"e#$ from the
FIG. 9. "Color online# Electronic phase diagram for Cu TaS .

Equilibrium

Competing phases in TaS2: Multiple structural and charge-density-wave states,
superconductivity under pressure, and/or (Fe,Cu,Na or Se…?) doping.
Fe : 1T-TaS
(substitution):

The 1T polytype of TaS2 is metastable
(Tc↑=550K, Tc↓=1100K)

Chemical pressure,
SOC:
Se substitution:

Cu : 2H-TaS
(substitution):

P (GPa)
0
0.5
0.8
1.0
1.5
2.0
4.0
4.5
5.0
6.0
6.5
7.0
8.0
9.5
14.0
15.0
18.0
20.0
25.0

ρ (Ω cm)

ρ (Ω cm)

ARTICLES

Physical pressure:ARTICLES
1T-TaS2

PHYSICAL REVIEW LETTERS

100

150
T (K)

200

250

P (GPa)

T (K)

ky (

T (K)

-1

)

PRL 109, 176403 (2012)

ρ (Ω cm)

Metal

A

x

2

B

B

2

c

2

x

2

x

2

x

23,24

2

2

of about 3 between TaS and Cu

c

c

TaS can be possible if

x

0.08

2

tensity (arb. units)

Intensity (arb. units)

from the NCCDW to the CCDW phase, which melts with a
comes from
the etinsight
pressure
changes
theresistivity
relevantsaturates
Wagner
alpressure
(PRBBthat
2008)
Liuboth
et al. the
APL
2013
of 0.8
GPa. At low
temperatures,
energyMscales, by decreasing
thevalues
swelling
of lower
the and
planes
to finite residual
that shift
lowerrelated
as the pressure
is increased.
transition
from the
incommensurate
to the nearly
to the David-star deformations
in
the CDW
state.
In particular,
C The
the 4.5 K range, are due to the actual
electronic
doping
of
the
commensuratethe
CDW phase appears
as an increase
the resistivity
250 K
bysystem.
reducing the deformation,
diminishes
theinCDW
On: Sun, 01 Jun 2014 pressure
13:30:28
IV. DISCUSSION
in are
thesignificant
temperature
range of 120–300 K for the whole pressure
Despite overall similarities, there
differ200 K
the
screening
capacity
of
the
electrons
below
350
K
The fact that T is pushed above 2 K in 2H-TaS by very gap
TaS
systems.
The
sharp
ences and
between increases
the Cu TiSe and Cu
range. The first confirmed signatures of superconductivity appear
low amounts of doping gives some insight into the many
initial increase in the electronic contribution to the specific
the
gap
(that
is,
the
interband
contribution
to
the
dielectric
1.5 K and
2.5 GPa.
The superconductivity arises
from
300
K the nonDat around
x
observations of superconductivity above 1 K in nominally
heat on Cu
Γ doping in Cu TaS toata maximum
150 K
= 0.03, followed by
a decrease at higher
inlow-temperature
distinct con- also weakens
pure 2H-TaS and variants doped with organic mole- function).
metallic
phase, which
evolves
Similarly,
thex, ispressure
thecontinuously
potential
that from
“TaS ” samples with indications of T above 1 K
cules.
trast to what is observed in the Cu TiSe system. In that
250 K
the
NCCDW
state
at
ambient
pressure.
Cu doping and continuesthereby increasing its extension
may, in fact, be very slightly nonstoichiometric through hav- defines
case, ! increases
thecontinuously
local with
wavefunction,
Inof addition,
to increase for compositions beyond that
the optimal su-at around 4–5 GPa, the resistivity
ing small Ta excess or sub-1% quantities of impurity atoms
200 Ksaturates to
1.2 0.8 0.4
K
E intemperature
1.2
0.4an E
1.2
0.8
0.4and
Eperconductor
a factor
the
decrease
T
Cu TiSe . Therefore
present.E
It F
is not
at all0.8
clear how
increase
in T by
wavefunction
overlap
integral.
Both
these below
mechanisms
a plateau-like
dependence
50 K. The 100
value
F
F the at

FIG. 6. Electronic phase diagram of 1T-TaS2–xSex derived from the present
ED patterns in Figs. 8"a# and 8"e# for Cu0.04TaS2 and TaS2, respecInset: the 2H-TaS2 crystal structure. Copper is inserted between the
FIG. 4.profiles
(a) Temperature
dependence
of in-plane resistivity (qab ) of 1Ttransport properties as a function of temperature and x, where CCDW,
tively. Quantitative fits of the CDW peak intensity
yield a
TaS
2 planes.
CDW q = "0.341" 0.003#a! for TaS2 TaS
and2–xSe
a x. CDW
q magnifies the region of the superconducting transiThe inset
NCCDW, and SC represent the commensurate CDW, nearly commensurate
350 K
!
= "0.358" 0.004#a for Cu0.04TaS2. The coherence
of the
tions. (b)length
The NCCDW
transitions
at high temperatures of all the samples.
CDW, and superconductivity, respectively.
increment in Tc on doping 2H-TaS2, up to 2.5 K from 0.8 K,
300 K
CDW is greater than 50 nm for TaS2 and only %4 – 5 nm for
comes from these initial effects and that further increases, to
Cu0.04TaS2.
This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions.
380 K Downloaded to IP: 193.2.4.4

2

25

c

with increasing x cannot be due to a decreasing density of

0.0

0

50

Superconductivity
10

15
P (GPa)

4.0
4.5
5.5
6.0
6.5
7.0
8.0
T9.5
sc ×
14.0
15.0
18.0
20.0
2025.0

10

Sipos
al (Nat.Mat.
2008)
100 et 150
200
250
T (K)

Figure 2 Resistivity in the pressure range of 0–25 GPa and temperature range
of 1.3–300 K. a, The temperature dependence of the resistivity is largely
non-metallic over the entire temperature range for pressures of 0–4 GPa; the
low-temperature upturn in the resistivity that relates to the variable-range-hopping
conduction in the Mott phase11,12 disappears above 0.6 GPa; first traces of the
superconductivity are observed at an approximate pressure of 2.5 GPa, with a TSC of
1.5 K; metallic-like behaviour develops for low temperatures at pressures of

25

Resistivity of 1T-TaS2 through CDW phases under equilibrium
conditions
Sipos et al, Nature Materials 7, 960–965 (2008).

Incommensurate CDW

Mott state
STM : Commensurate CDW

J. Phys.: Condens. Matter 23 (2011) 213001

Topical Review

5.05 nm

Fermi surface nesting
Stretched honeycomb
structure with domain
walls in between
(Nearly Commensurate
CDW phase)

Ordering vector directions
b*

Polaron

STM image
CED
CFE
D
a*

$E ∼ 13.9°
K. Rossnagel, JPCM 23 213001 (2011)

$FE = 11.6° ∼ 13.1°

300 K
STM : Commensurate CDW

Tosatti, E. & Fazekas, P. On the nature of the low-temperature phase of 1T-TaS2. J. Phys. Colloques 37, C4–165–C4–168 (1976).
√
√
Figure 4. Real-space unit cells (top) and Brillouin zones (bottom) for the commensurate 13 × 13 (left), 3 × 3 (middle) and 2 × 2 (right)
superlattices within a single sandwich layer of 1T-TaS2 , 2H-TaSe2 and 1T-TiSe2 , respectively. In the top row, the arrows indicate in-plane
displacements of the atoms from their original positions (arrow lengths are not to scale). For 1T-TaS2 and 2H-TaSe2 only the Ta atoms are
shown; there are inequivalent ‘a’, ‘b’ and ‘c’ Ta atomic sites in the distortion patterns. In the bottom row, the red arrows indicate the in-plane
wavevectors of the various CDWs and the gray contours illustrate the topology of the equi-energy contours near the Fermi energy for the
transition-metal d-derived states in the normal phase.
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What is the spin ground state of 1T-TaS2?
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tic momentum-space view of three charge-density-wave phases in layered transition-metal dichalcogenides. Reconstructed (green
ginal (black lines) projected Brillouin zones (top row) and measured band dispersions along the ' M K high-symmetry path (bottom
the p( 13 r 13)R13.9D phase of 1T-TaSCharge
p(2×2×2)
phase
≃ 0.3
eV of 1T-TiSe2 and (e,f) the c(2 3 r 4)rect. phase of Rb:1T-TaS2. In (a,c,e),
2 (c,d) thegap
ted schematic Fermi surfaces (circle and ellipses), wavevectors of the CDW (arrows) and high-symmetry points of the original Brillouin
are indicated. For illustrative purposes, unreconstructed 1T-TiSe2 is assumed to be semimetallic. In (b,d,f), temperatures and photon
e ARPES measurements are indicated. Photoemission intensity is represented in a false-colour scale. The arrows mark characteristic
n the spectra.

The latter feature may be understood as the projection of
nesting-induced gap of the high-temperature incom-

symmetry clearly points to a Peierls gap, the magnitude and weak
momentum dependence of the gap, the absence of Fermi surface
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Long-Range Néel Order in the Triangular Heisenberg Model
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We have studied the Heisenberg model on the triangular lattice using quantum Monte Carlo
techniques (up to 144 sites) and exact diagonalization (up to 36 sites). By studying the spin gap
as a function of the system size we have obtained robust evidence for a gapless spectrum, confirming
the existence of long-range Néel order. Our best estimate is that in the thermodynamic limit the order
parameter my ≠ 0.41 6 0.02 is reduced by about 59% from its classical value and the ground state
energy per site is e0 ≠ 20.5458 6 0.0001 in units of the exchange coupling. We have identified the
ground state correlations that are important at short distances. [S0031-9007(99)09099-7]

Quantum
theory
of an antiferromagnet
on a triangular
A V Chubukov
D I Golosov
Received
9 February
1990
IO
Historically the antiferromagnetic spin-1y2 Heisenberg
lattice in a magnetic field
model on the triangular lattice was the first proposed
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In the last few years there has been renewed interest in the study of the possibility for

I I to occur in S 1/2 two dimensional
the disordered ground -state
antiferromagnets
1-31,
Strictlyspeaking,
onatriangular lattice ( A F M T tostrongzero-pointvibrations[
)~~~
(xl
the exact answer whether this is possible or not is not yet known. but most investigators
lmbelieve that long-range order, though strongly suppressed by fluctuations, does
now
even for sufficiently small values of the site spin [4,5].
exist in
Inthispaperwealsostudym
wecarry outourinvestigationsinthepresence
of an external+magnetic field. Interest in this problem stems from the fact that at T = 0
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jcV l ≠

X
x

µ

Vsxd exp

∂
g X
ysi 2 jdSiz Sjz jxl ,
2 i,j

?

(2)

where jxl is an Ising spin configuration specified by
assigning the value of Siz for each site and
"
√
!#
X
2p X z
(3)
Si 2
Siz
Vsxd ≠ T sxd exp i
3 i[B
i[C
represents the three sublattices (say A, B, and C) classical
Néel state in the xy plane multiplied by the three
spin term
1
0
X
C
B
(4)
gijk Siz Sjz Skz A ,
T sxd ≠ exp@ib
ki,j,kl

defined by the coefficients gijk ≠ 0, 61, appropriately
chosen to preserve the symmetries of the classical Néel
state, and by an overall factor b as discussed in Ref. [4].
Since the Hamiltonian is real and commutes with the z
z
, a better variational WF
component of the total spin, Ŝtot
on a finite size is obtained by taking the real part of
z
Eq. (2) projected onto the Stot ≠ 0 subspace.
For the two-body Jastrow potential ysrd it is also
possible to work out an explicit Fourier transform
yq , based on the consistency with linear spin wave
(SW) results and a careful treatment of the singular
modes coming from the SUs2d symmetry breaking p
assumption [20,21]. This analysis gives yq ≠
1 2 1 1 2gq y1£ 2 gq for q fi 0 and 0p otherwise,
§
where
gq ≠ cossqx d 1 2 cossqx y2d coss 3 qy y2d y3
and the q momenta are the ones allowed in a finite size
with N sites. For a better control of the finite size effects
we have chosen to work with clusters having all the
spatial symmetries of the infinite system [6].
In the square antiferromagnet (AF) the classical part
by itself determines exactly the phases (signs) of the GS
in the chosen basis, the so-called Marshall sign. For
the triangular case the exact phases are unknown and
the classical part is not enough to fix them correctly.
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A high-temperature quantum spin liquid with
polaron spins
Martin Klanjšek1, Andrej Zorko1, Rok Žitko1, Jernej Mravlje1, Zvonko Jagličić
2 2,3,
Pabitra Kumar Biswas4, Peter Prelovšek1,5, Dragan Mihailovic1,5 and Denis Arčon1,5*

NQR fequencies, by site in a polaron cluster

The existence of a quantum spin liquid (QSL) in which quantum fluctuations of spins are su�ciently strong to preclude
spin ordering down to zero temperature was originally proposed theoretically more than 40 years ago, but its experimental
realization turned out to be very elusive. Here we report on an almost ideal spin liquid state that appears to be realized by
atomic-cluster spins on the triangular lattice of a charge-density wave state of 1T-TaS2 . In this system, the charge excitations
have a well-defined gap of ⇠0.3 eV, while nuclear quadrupole resonance and muon-spin-relaxation experiments reveal that
the spins show gapless QSL dynamics and no long-range magnetic order at least down to 70 mK. Canonical T2 power-law
temperature dependence of the spin relaxation dynamics characteristic of a QSL is observed from 200 K to Tf = 55 K. Below
this temperature, we observe a new gapless state with reduced density of spin excitations and high degree of local disorder
signifying new quantum spin
order emerging from the QSL.
impurities

NQR Spin relaxation is gapless!

Anomalous magnetic susceptibility

1/?O
1/?B

A

resonating valence bond state1 as a new kind of insulator to a nearly commensurate (NC) state and eventually becomes comwas proposed to be the ground state of the triangular-lattice mensurate (C-CDW) below TNC-C = 180 K on cooling. In this lowS = 1/2 Heisenberg antiferromagnet instead of a more temperature phase, the Ta atoms are grouped into 13-atom clusters
conventional Néel state to account for the unusual magnetic forming a Star-of-David arrangement with large in-plane Ta-atom
properties of a perfect triangular atomic lattice of Ta atoms in the displacements towards the central Ta atom (Fig. 1a). While the
layered transition metal dichalcogenide 1T-TaS2 . Since then, the list lattice deformation is stabilized by 12 Ta-cluster electrons and the
of materials with triangular lattice and with properties indicating opening of the CDW gap, the 13th electron occupies the only
the existence of a quantum spin liquid (QSL), that is, a state without remaining electron band crossing the Fermi level. Only this halfspontaneously broken triangular-lattice symmetry and whose filled narrow band plays a role at low temperatures as the other
behaviour is dominated by emergent fractional excitations2 , is still 6 bands are pushed far below the Fermi level and are completely
remarkably short: it includes YbMgGaO4 (refs 3,4) and the organic filled by the 12 electrons13 . Experimentally, 1T-TaS2 is insulating in
molecular solids -(ET)2 Cu2 (CN)3 and EtMe3 Sb[Pd(dmit)2 ]2 the C-CDW phase7 . This remarkable behaviour does not allow an
(refs 5,6). However, the latter organic molecular solids do not form interpretation of the insulating state in terms of the conventional
3. lattice,
Temperature
dependence
of magnetic
band theory. susceptibilTo resolve this puzzle, the Mott–Hubbard mechanism
a perfectFIG.
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the system far from an ideal realization
of the original
1 nm apart, arranged on an ideal triangular-based lattice (Fig. 1a). In
idea. Compared with these compounds, layered dichalcogenides this state, charge excitations exhibit a large charge gap c ⇠ 0.3 eV
have perfect triangular-lattice geometry and a weaker spin–orbit (refs 13,15–18), while transport anisotropy measurements show
coupling7 , offering a possibility for obtaining a unique insight that the system remains essentially two-dimensional (2D) (ref. 19).
into the competition between antagonistic QSL and Néel states8,9 ; Given that we have an apparently ideal realization of S = 1/2 spins
one
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μSR shows no magnetic order down to 70mK
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Mott insulator. This fact was pointed out by Fazekas and Tosatti
1T-TaS2 is unique among transition metal dichalcogenides in that
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cluster of bands near the Fermi surface. Rossnagel and Smith
electron in a 13-site cluster experiences enough correlathe
1T -TaS2 , the former one has been ruled out [17], because of unpaired
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(9) found that, due to spin–orbit interaction, a very narrow band
tion to form a Mott insulator. We argue, based on existing data,
tiny linear term γ (∼2 mJ mol−1 K−2 ) observed in specific heat
is split off, which crosses the Fermi level with a 0.1- to 0.2-eV
that this well-known material should be considered as a quantum
0.3
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of the
[27,36].
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(1) liquid, either a fully gapped Z2 spin liquid or a Dirac spin liq- gap to the other subbands. The narrow bandwidth means that
a quantum
spin liquid.
charge-density-wave material 1T -TaS2 , which was recently argued to be a candidate for
a weak residual repulsion is sufficient to form a Mott insulator,
uid. We discuss the exotic states that emerge upon doping and
Dirac
spin liquid
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Dirac
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,
tinguishes 1T-TaS2 from other TMD. Apparently, the formation
experimental accuracy. Furthermore, the thermal conductivity is found to be insensitive to the magnetic field up
and the thermal conductivity would be enhanced by a magnetic
of
the commensurate clusters is essential for the strong correlaspin liquid | Mott insulator | transition metal dichalcogenide
to 9 T. These results clearly demonstrate the absence of itinerant magnetic excitations with fermionic statistics
field [38]. This is incompatible with our results that the κ0 /T
tion behavior in these 4d and 5d systems. Currently, the assignthus put a strong constraint on the theories of the ground state of this material.
in bulk 1T -TaS2 , and 0.1
ment of cluster Mott insulator to the undoped 1T-TaS2 ground
is negligible at all fields and the thermal conductivity is
insensitive to magnetic field. It seems that any gapless QSL he transition metal dichalcogenide (TMD) is an old subject state is widely accepted. A band about 0.2 eV below the Fermi
DOI: 10.1103/PhysRevB.96.081111
0.0
that has enjoyed a revival recently due to the interests in its energy has been interpreted as the lower Hubbard band in angle0.0
0.1
0.2
0.3
scenarios, whether gapless everywhere or only at the nodes
topological properties and unusual superconductivity. The layer resolved photo-emission spectroscopy (ARPES) (10, 11), and the
1.69
1.69
momentumof space,
consistent
with our data. Note
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The possibility of theinrealization
a QSLare
in not
1T -TaS
structure is easy to cleave or intercalate and can exist in single- electronic-driven nature of the 200 K transition has been con2
(K )
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Ref.
[17].
By
analyzing
the
existing
fluctuations obstruct long-range magnetic
order
even
down
to
that
there
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absolute zero temperature, is one of the(b)
most elusive9 and
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T
of a charge density wave (CDW) system (3). Due to imperfect
Surprisingly, with a few exceptions, the issue of magnetism
considered as a QSL, either
fullynodal
gapped
Z2 spinexhibits
liquid a power-law temperature
quantum states of matter [1–3]. In the QSLs, Mott
from athese
excitations
4 T physics
nesting in two dimensions, in most of these materials, the onset associated with the Mott insulator has not been discussed in the
0.8
δ
or a Dirac spin liquid [17].
Muon spin(∼T
relaxation
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and nodal fermionic excitaplays a significant role in localizing
electrons and
0 T forming
dependence
). However,
of
CDW
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the
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a
literature. In the standard picture of a Mott insulator, the spins
nuclear quadrupole resonance
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have been
S = 12 spins, as has been manifested in the study of hightions, (NQR)
for which
the power-law
exponent δ is 1, the δ value metallic
for
state that often becomes superconducting. Conventional form local moments, which then form an antiferromagnetic (AF)
performed on 1T -TaS2 nodal
single bosonic
crystals excitations
[18]. No long-range
temperature superconductors [4].0.6
Experimentally, triangularis unknown in advance, so that itband
is theory and electron–phonon coupling appear to account ground state due to exchange coupling. No such AF ordering has
magnetic order was detected from 210 K down to 70 mK
for the qualitative behavior (3). There is, however, one notable been reported in 1T-TaS2 . There is not even any sign of the local
lattice organic compounds κ-(BEDT-TTF)2 Cu2 (CN)3 [5–7]
hard to be separated from the phonon contribution.
exception, namely 1T-TaS2 . The Ta forms a triangular lattice, moment formation, which usually appears as a rise in the spin
by µSR. On the other hand, NQR experiments reveal a
and EtMe3 Sb[Pd(dmit)2 ]2 [8–10],
0.4 together with kagomeHowever, there is another possibility that might reconcile
sandwiched
between two triangular layers of S, forming an ABC- susceptibility with decreasing temperature, following a Curie
gapless
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behavior
in
part
of
the
CCDW
phase,
from
lattice ZnCu3 (OH)6 Cl2 [11–15] and Cu3 Zn(OH)6 FBr [16], are
our Tdata
with the gapless QSL scenarios. For the lowtype stacking. As a result, the Ta is surrounded by S, forming Weiss law. As seen in Fig. 2, the magnetic susceptibility drops
200 K to Tf = 55 K. Below
f , a novel quantum phase with
typical examples of Mott-assisted QSL candidates. However,
an approximate octahedron. In contrast, the 2H-TaS2 forms an at the CDW transitions, but remains almost flat below 200 K (3).
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= QSL
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in another
spin moment is localized served
at the center
of the triangular-lattice
star of David [27].QSL candidate, κ-(BEDT0.09 to be such an example
1T -TaS2 has been recently argued
system undergoes a CDW transition at about 350 K with a jump atoms, which is now known not to be true. In fact, Rossnagel and
To find out what is theTTF)
true2ground
state
of bulk
-TaS2 ,conductivity measurement
Cu2 (CN)
The1T
thermal
3 [40].
[17,18]. It is a layered material, and(c)the only correlationin the resistivity. It is known that this transition is driven by an Smith (9) claim that a single band crosses the Fermi level that is
it is essential to know theondetails
of the low-lying
elementary
κ-(BEDT-TTF)
,
2 Cu2 (CN)
3 also gives a negligible κ0 /T
driven insulator among transition-metal dichalcogenides [19].
incommensurate
triple-Q CDW (ICDW). A similar transition mainly made up of xy and x 2 y 2 orbitals. This picture suggests
excitations. Ultralow-temperature
thermal
conductivity
meawhich was
argued
to come possibly
from the localization
is seen in 1T-TaSe2 at 470 K. However, whereas TaSe2 stays
As for the charge degree of 0.06
freedom, 1T -TaS2 features
surement has proven to be
powerful
in the study
metallic below this transition, 1T-TaS2 exhibits a further resisof athe
gaplesstechnique
spin excitations
due to inhomogeneity [41].
a number of peculiar charge-density-wave (CDW) phases.
Significance
of low-lying excitations This
in QSL
candidates
[7,9,28].
Taking
tivity jump around 200 K that is hysteretic, indicative of the firstmight
also be the
case for
1T -TaS2 . The low-temperature
Upon cooling, it turns into a metallic incommensurate CDW
1
order
the spin- 2 triangular-lattice
Heisenberg
as an behavior for low-energy nature of this transition. These transitions are also visible
0.03
) still exhibits a gapless
phase
(T ! Tfantiferromagnets
(ICCDW) phase below 550 K, a textured
nearly commensurate
In solids with an odd number of electrons per unit cell, band
in the spin susceptibility data shown in Fig. 2. In early samples,
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the
magnitude of the gap is sufficiently large, the magnitude
of onset of Anderson localization due to dopant disorder and is highly

ectron to be localized on any given Ta site of the SD implies
at the effective interaction Ueff is much smaller than the basic
-site Ta interaction U . The difference may be quantified by
ojecting the Wannier function |!⟩ of the band in the gap onto
e local d orbitals, |dam ⟩ (here, a labels the Ta sites in one
it cell and m is the angular momentum quantum number), as
e effective interaction can be approximated by the Coulomb
egral:

the metal-insulator transition for the ferromagnetic ground
state at UWeff ≃ 1.5, in good agreement with the critical value
Ueff
≃ 1.3 for the metal-insulator transition emerging from
W
dynamical mean-field theory (DMFT) calculations [10,14,29].
We therefore suggest that the disagreement between our results
and those of Refs. [10,14,29] arises in part from an excessively
large value of U assumed in those references. Moreover,
the sensitivity of the location of the metal-insulator phase
boundary to the nature (ferromagnetic vs antiferromagnetic)
of the magnetic state suggests that any insulating states
that do occur in the 1T -TaS2 family of materials may be
regarded as arising more from out-of-plane antiferromagnetic
order than from the Mott phenomenon per se. Moreover,
we observe that the dependence of magnetic ordering on
stacking of distortions, as well as the small effective U values,
T onto Hubbard
28AWXY87
suggests that mappings
models be regarded with
caution. The details of the underlying wave functions and of
nearby perhaps virtually occupied states, which are not easily
represented in a Hubbard model, will be important. Finally,
an important challenge raised by our work is understanding
the photoinduced dynamics of the out-of-plane metallic bulk
1T -TaS2 , as the observed collapse of the in-plane gap happens
on a time scale that is inconsistent with the dynamics of a
Peierls insulator [11].
In conclusion, we have shown that the electronic structure
of 1T -TaS2 in its CDW state strongly depends on interlayer
interactions. In particular, we identify the distorted monolayer
of TaS2 as a Mott insulator, with one localized S = 1/2 carrier
per 13 atom cluster. Finally, we have revisited the nature of
the bulk 1T -TaS2 , which we predict to be a band insulator in
plane and metallic out of plane upon distortion, and explained
Interlayer
coupling
the disagreement
withmagnetic
previous interpretations
by the weak
effective electron-electron interactions felt by the electrons
delocalized across the SD. The monolayer compounds are
predicted to be Mott insulators with a S = 1/2 degree of
freedom in each unit cell of the CDW structure, while the
bilayers form a singlet state with a tunable optical gap.

acking
tantalum atoms, only 20 to 25% is localized at the center of
ayer to
the distortion [Ta-I , following the notation in Fig. 3(b), inset],
which
while the other 12 tantalum atoms each have non-negligible
3cexp ), U projections
around 4–6% (these values are found to be weakly
!
|⟨d |!⟩| .
(1)
olayer: U = dependent
on U).
2
s seen inthe
Fig. 3(c), evaluation of Eq. (1) leads to an effective
For
eraction that is much smaller (≈8%) than the on-site U, in
od agreement with the gaps of the monolayer obtained for
etic
for
S ≫V
GA + U calculations at different U values (the deviations
(a)
sible at very small U values arise from the correlations
eff

am
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eady present in GGA). For the calculated atomic value
U ≈ 2.27 eV, this effective electron-electron interaction,
ff = 0.18 eV, is larger than the in-plane bandwidth (70
eV), explaining the Mott insulating nature of behavior of
e monolayer, but is much weaker than the out-of-plane
ndwidth of the bulk (0.45 eV), indicating that the bulk
aterial should not be considered as a Mott insulator. These
sults suggest that the reported insulating behavior of bulk
S2 arises from disorder in a one-dimensional conduction
nd, as previously proposed [8,15]. In this regard, we remark
at the interplane hopping in the trigonally stacked structure is
actor of ≈3 smaller than in the vertically stacked structure,
ggesting that the localizing disorder may originate from
acking faults.
The interplay between hopping and interaction leads to
eresting results in the bilayer case, where two vertically
splaced SD units may be modeled as a two-site Hubbard
odel, with interaction Ueff and hopping t equal to one-quarter
the c-axis bandwidth, i.e., t ≈ 0.1 eV for the vertically
acked case and t ≈ 0.035 eV for the trigonally stacked case.
lving the resulting two-site Hubbard model leads to an evenrity singlet ground state, with a triplet excited state about
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Low-dimensional electron systems, as realized in layered
materials, often tend to spontaneously break the symmetry
of the underlying nuclear lattice by forming so-called density
waves1 ; a state of matter that at present attracts enormous
attention2–6 . Here we reveal a remarkable and surprising
feature of charge density waves, namely their intimate relation
to orbital order. For the prototypical material 1T-TaS2 we
not0.2
onlyeV
show that the charge density wave within the
two-dimensional TaS2 layers involves previously unidentified
orbital textures of great complexity. We also demonstrate that
two metastable stackings of the orbitally ordered layers allow
manipulation of salient features of the electronic structure.
Indeed, these orbital e�ects provide a route to switch
1T-TaS2 nanostructures from metallic to semiconducting with
technologically pertinent gaps of the order of 200 meV. This
new type of orbitronics is especially relevant for the ongoing
development of novel, miniaturized and ultrafast
devices based
Semiconductor
on layered transition metal dichalcogenides7,8 .
Among the various transition metal dichalcogenides (TMDs),
1T-TaS2 stands out because of its particularly rich electronic phase
Γdiagram
DOS
as a function of pressure and temperature9 . This phase
diagram not only features incommensurate, nearly commensurate
and commensurate charge density waves (CDWs), but also
hν
pressure-induced superconductivity below 5 K. In addition to this,
it was proposed early on that the low-temperature commensurate
CDW (C-CDW), which is illustrated in Fig. 1a,c, also features manybody Mott physics10 . Experimental evidence for the
presence of
Metal
Mott physics in 1T-TaS2 has indeed been obtained recently by timeresolved spectroscopies, which observed the ultrafast collapse of a
charge excitation gap, which has been interpreted as a fingerprint of
significant electron–electron interactions11–13 .
Even though the above scenario for the C-CDW is widely
accepted, important experimental facts remain to be understood:
the very strong suppression of the C-CDW with external pressure
is puzzling. Already above 0.6 GPa, the C-CDW is no longer
stable, although nesting conditions, band widths and lattice
structure remain essentially unchanged. It is also not clear how
ordered defects within the C-CDW, which emerge in the nearly
commensurate phase (NC-CDW) on heating14,15 and do not cause
significant changes in the bandwidths, can render the electron–
electron on-site interaction U completely ineffective16 . In the
following we will show that all these issues are explained consistently
in
of orbital textures that are intertwined with the CDW.
Γ terms
DOS
Furthermore, we demonstrate that this new twist to the physics of
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Figure 1 | The 13 ⇥ 13 supercell structure of 1T-TaS2 . a,c, View along
the c-axis and parallel to the ab-plane, respectively (a, b and c are lattice
vectors of the undistorted P3̄m1 crystal structure). The Ta-displacements
indicated by red arrows in a are mainly parallel to the ab-planes, resulting in
clusters containing 13 Ta-sites. Red dashed lines in c highlight the breathing
of the S-sites perpendicular to the ab-plane. b, Schematic of the Brillouin
zone. d, LDA supercell band structure along the high-symmetry direction in
the Brillouin zone shown in b. Grey lines indicate the unreconstructed band
structure. e, Unfolded band structure. The thickness of bands measures the
spectral weight at this position. Arrows labelled 1 and 2 indicate the gaps at
0 and between M and K, which are commonly named the Mott gap and
CDW gap, respectively.

Figure 5.6: Different layer stackings and their impact on the band structure. (d) −0.3
and (e):
Γ MK
Calculated band structure for the stacking ht2 i and the stacking ht0 i, respectively. To facilitate
the comparison with ARPES data shown in (a) the bandweights have been convoluted with
c
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Figure 3 | Real-space illustration of the electron density for the highest
corresponding to the semiconducting (top) and metallic
state (bottom).
occupied
band.
a,b,
The
band
structure
near
E
with
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F
suggests that these deviations are related to the stacking disorder in the real material [85],

Experiment: c-axis stacking and transport
Helical C CDW order from HR-TEM:

Resistivity along c axis:
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Measurements are not consistent with predicted band picture for out-of-plane transport
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well described by a transient response with
time
of a half-cycle of the amplitude mode. This is
larly at the peak of the LHB, and a gain in intens
ent with a reduction in spectral weight in the umFermi level and above as a consequence of phot
band brought about by relaxation of the lattice dismelting of the Mott state and the creation of hot e
, which proceeds on structural rather than electronic
This process is largely independent of momentum

peaks (DIBragg/IBragg), the inelastic background (DIbckg/Ibckg) and the
CDW peaks (DICDW/ICDW) are shown in Fig. 2f (see also Supplementary Fig. 3). The intensity of the CDW peaks (the satellites of
the Bragg peaks), ICDW, is suppressed by ,30% on the timescale of
hundreds of femtoseconds. The corresponding suppression of the PLD
gives rise to more-efficient scattering into the Bragg reflections of the
host lattice, manifested by an increase of the Bragg peak intensity,
IBragg, by ,15%. In the CDW state, the presence of the PLD suppresses
IBragg similarly to the effect of thermally induced disorder; that is, the
presence of PLD can be looked upon as an effective Debye–Waller
effect. The decrease in ICDW and the accompanying increase in IBragg
thus illustrate a cooperative phenomenon in which the optically
induced redistribution of electron density efficiently decreases the
PLD amplitude. Because ICDW is proportional to the square of the
atomic displacements22, the resulting suppression of ICDW, by ,30%,

effect) has the opposite effect. Indeed, from the fast recovery of IBragg
and the corresponding increase in Ibckg it follows that the energy
transfer from electrons to q ? 0 phonons in 1T-TaS2 takes place on
the timescale of a few hundred femtoseconds (te–ph < 350 fs). For
ICDW, both the displacive excitation of highly correlated atomic
motions and phonon-induced disorder contribute to its suppression,
explaining the longer timescale on which the minimum of ICDW is
reached.
It is instructive to compare the structural dynamics data with those
of the electronic subsystem. We have performed all-optical pump–
probe measurements, where the dynamics are mainly sensitive to
the changes in the electronic properties. The photoinduced reflectivity
change (Fig. 2g) shows a rapid onset on the 100-fs timescale, followed
by a fast recovery with a decay time of 150 fs and subsequent slower
decay with a relaxation time of ,4 ps, which is nearly identical to the

Snapshots of cooperative atomic motions in the optical
suppression of charge density waves at the N-IC transition

Figure 2 | Time evolution of the diffraction
intensities following photoexcitation with a
fluence of 2.4 mJ cm22. a–e, Evolution of Bragg,
CDW and inelastic background intensities
illustrated as relative change in the diffraction
pattern at several time delays following
photoexcitation with a fluence of 2.4 mJ cm22 and a
photon energy of 3.2 eV (see also Supplementary
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f, Corresponding dynamics of DIBragg/IBragg, DICDW/
ICDW and DIbckg/Ibckg with fits to the data (dashed
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FIG. 2. Part of the electron diffraction pattern recorded at normal incidence (a) in the commensurate phase at T ¼ 150 K
and (b) in the nearly commensurate phase at T ¼ 300 K, as well as for the case of a tilt angle of h ¼ 5" from normal incidence at (c) T ¼ 150 K and (d) T ¼ 300 K. The first Brillouin zones around the 100 and 200 Bragg peaks are shown as the
hexagons. The 3 positive first order satellites q1, q2, and q3 are shown as orange arrows, while the 3 negative satellites of
the CDW #q1, #q2, and #q3 are shown as blue arrows. For the tilted case, dashed lines at l ¼ 0, 1/6, and 1/3 are shown. In
044020-5
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(d), the azimuth angle v is shown. In all cases, the data are shown on a logarithm scale.
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Melting of C phase:

Equilibrium stacking

arrangement corresponds in the reciprocal space to satellite intensity narrowly located around
l ¼ 1/3. Upon cooling to the commensurate state as shown in Fig. 3(b) for T ¼ 150 K, the peaks
significantly broaden and shift to l ¼ 1/6 for the negative satellites and to l ¼ 5/6 ¼ "1/6 for the
positive satellites with an additional smaller peak at l ¼ 1/3 and l ¼ 2/3 ¼ "1/3, respectively.
This is compatible with a change from the ordered hrh2i stacking to the partly disordered (sc,
rc) staking, which is a succession of an in-phase stacking sc followed by a random selection
between 3 different translated stacking rc, as depicted in Fig. 1(a) (Tanda et al., 1984 and
Nakanishi and Shiba, 1984). This demonstrates that for this particular tilt angle h ¼ 5# , we are
both sensitive to the commensurate stacking order with l ¼ 1/6 around the 100 Bragg peak and
to the nearly commensurate stacking order with l ¼ 1/3 around 200 Bragg peak simultaneously.
Next, we will address how this change in out-of-plane stacking order dynamically occurs when
the system changes from the commensurate to the nearly commensurate phase.
To investigate how this staking order dynamically changes, time-resolved pump-probe
measurements were performed near the commensurate to nearly commensurate phase transition
at a sample base temperature of 140 K with a laser pump fluence of F ¼ 3.0 mJ/cm2 and an
incidence angle of h ¼ 5# . The diffracted intensity distribution around the 100 Bragg peak as
function of the azimuth angle v, as defined in Fig. 2(d), at negative delay t ¼ "1 ps and positive
delay t ¼ 10 ps, are shown in Fig. 4(a). It can be seen here that all the 6 satellites intensity
decrease upon excitation. For the q3 ("q3) satellites, the time dependent intensity around the
commensurate position q3C ("q3C) with u ¼ 13.9# and incommensurate position q3I ("q3I) with
u ¼ 0# are shown in Fig. 4(b) as open and closed symbols, respectively. The intensity at the
commensurate position decreases for both q3 and "q3 with a 0.3 ps characteristic time constant
and remains constant afterwards up to 12 ps, as extracted from a two exponential fit function
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INTRODUCTION

Φ = 3 de/fdO

FIG. 4. (a) Intensity profile of the 6 first order CDW satellites around the 100 Bragg peak for a negative delay at t ¼ "1 ps
in dashed green line and a positive delay at t ¼ 10 ps in a continuous purple line. The vertical dashed blue (orange) line
indicates the position in the commensurate phase of the "q3 (q3) satellite "q3C (q3C), while the continuous blue (orange)
line indicates the position for the incommensurate phase of "q3 (q3) satellite "q3I (q3I). (b) Time evolution after laser excitation of the CDW satellites intensity at the commensurate (open symbols, dashed lines) and incommensurate position
(filled symbols, continuous lines) for the q3 (orange) and "q3 (blue) satellites, where the lines correspond to a fit of the data
points with a two exponential time constants. The grey data point are the 210 Bragg peak intensity at l ¼ 0. (c) and (d) are
for the 200 Bragg peak. In all figures, the sample temperature is T ¼ 140 K, the laser fluence is F ¼ 3.0 mJ/cm2 and the inci-

Recent developments in the control of charge density waves (CDW), i.e., a combined periodic modulation of the electron density and a periodic lattice distortion, with either electrical
current or femtosecond (fs) laser pulses could open the door for novel electronic devices

Emergent states…

…created under non-equilibrium conditions

Switching to a hidden emergent state in 1T-TaS2
1T-TaS2 single crystal, ~100 nm thick.
Au contacts by laser lithography (LPKF LDI).
Igor Vaskivskyi

35 fs (800 nm)

Au contacts

Threshold:
1T-TaS2
Laser pulse
35 fs (800 nm)

Resistance switching after a 35 fs laser pulse

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

Time resolved ARPES on 1T-TaS2
trARPES of TaS2

trARPES of TaS2
Time

Patrick Kirchmann

resolved ARPES

PRL 97 067402 (2006)
NJP 10 053019 (2008) e-h Imbalance
Nat Com 3 1069 (2012) C-Phase Near Threshold / H-State above Threshold
e-h (2006)
Imbalance
PRL 97 067402
NJP 10 053019
(2008)
C-Phase Near Threshold / H-State above Threshold
Nat Com 3 1069 (2012)

Fluence dependence:

FT

FT

𝑰𝒆

𝑰𝒉 ~𝟓

𝑰𝒆

𝑰𝒉 ~𝟓

trARPES suggest that e-h
imbalance drives switching

trARPES suggest that e-h

Switching to the H state using a 30 ps current pulse
tr = 30 ps

35 fs
Transmission line
(80 GHz)

1T-TaS2

10 k

10 nF

100

V+

Contacts (Au/AuPt)

GaAs MSM
(30 ps)
Substrate (sapphire)

Vaskivskyi, I. et al. arXiv cond-mat.mes-hall, (2014), Nat. Comm. (7, 11442 2016)
I.V., I.A.M and D.M., UK, US, EU patents, 2014

CDW memory operations
Threshold

I-V measured in pulsed mode
(10 μs pulses)

Write

Erase

ReadHigh
ReadLow
Vaskivskyi, I. et al. arXiv cond-mat.mes-hall, (2014)
Nat. Comm. (7, 11442 2016)

T = 30 K
τ = 50 μs

ome specific applications. These applications are related
ecial purpose digital signal processing which employs a
antially streamlined traditional memory hierarchy.
e have been developing Digital-RF signal processing (RF
) technology based on fast processing of the digitized RF
eforms rather than digital processing of baseband data [1].
extreme speed requirements for such digital processing
met with superconductor RSFQ technology. A family of
al-RF channelizing receivers has been successfully
onstrated [2], [3]. These receivers perform digital signal
nelization of the digitized wideband RF data enabled by
-speed RSFQ digital signal processing. Such digital
vers require loading of a digital template of the selected
oscillator (LO) to set the frequency channel.
nnelization signal processing requires an asymmetric
ory operation: relatively infrequent memory addressing
he stored local oscillator digital waveforms and their fast
ng to>3EY-02<
a processor. The LO waveforms are periodic and
fore do not take significant memory. A similar memory
ation pattern Hybrid
is required
for the Digital-RF correlation
Semiconductor-Superconductor

semiconductor memory and a fast cryogenic RSFQ cache
integrated on the same chip with an RSFQ digital signal
processor. The asymmetric nature of the required memory
operation – predominant readout, infrequent addressing, no
writing functions, allows us to utilize pipeline loading in order
to avoid latency issues.
Fig. 1 shows our hybrid memory configuration and its
integration into a Digital-RF channelizing receiver. It consists
of room-temperature high–capacity memory capable of fast
readout and a cryogenic superconducting RSFQ cache capable
of receiving serial data, its re-synchronizing and deserializing.
This cache memory is integrated with the In-phase (I) and
Quadrature (Q) sections of a multi-bit digital mixer.
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the development of a new type of a hybrid
templates may not be periodic and can require substantial
memory for superconducting Digital-RF receivers supporting 30
Gbps memory readout speed are presented. The main feature of
this memory is a combination of a high capacity roomtemperature memory and a high speed on-chip superconductive
cache in order to provide digital waveform templates for DigitalRF signal processing. As a room-temperature high-capacity
memory with fast readout, we selected Sympuls pattern
generator BMG 30G-64M capable of producing a 30 Gbps serial
data stream of programmable pattern of 67,108,864 bits. We
designed, fabricated, and tested an on-chip cache which receives
high-speed template serial data from the room temperature
memory and converts it into a stream of 3-bit words of template
of local oscillator (LO) for digital mixer. We integrated the
memory with a 1x3-bit digital I/Q mixer (1-bit digitized RF
stream multiplied by 3-bit digital LO).

Index Terms—RSFQ, SFQ, DSP, DRFM, cryogenic, RF
template, waveform library, digital correlator
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I. INTRODUCTION

long-standing problem with a high capacity memory for
cryogenic superconductor electronics can be untangled
for some specific applications. These applications are related
to special purpose digital signal processing which employs a
substantially streamlined traditional memory hierarchy.
We have been developing Digital-RF signal processing (RF
DSP) technology based on fast processing of the digitized RF
waveforms rather than digital processing of baseband data [1].
The extreme speed requirements for such digital processing
are met with superconductor RSFQ technology. A family of
Digital-RF channelizing receivers has been successfully
demonstrated [2], [3]. These receivers perform digital signal
channelization of the digitized wideband RF data enabled by
high-speed RSFQ digital signal processing. Such digital
receivers require loading of a digital template of the selected
local oscillator (LO) to set the frequency channel.
Channelization signal processing requires an asymmetric
memory operation: relatively infrequent memory addressing
for the stored local oscillator digital waveforms and their fast
loading to a processor. The LO waveforms are periodic and
therefore do not take significant memory. A similar memory

memory resources. These waveform digital templates are to be
loaded to the RSFQ cross-correlator(s) for correlating with the
digitized RF signal. In a nutshell, Digital-RF receivers
predominantly require fast loading of the stored data from
larger slower memories to smaller faster cache memories
integrated with RSFQ processing circuits.
In this paper we present the architecture, design, and test
results of a hybrid memory for Digital-RF receivers
combining room-temperature semiconductor deep memory
and a cryogenic superconductor RSFQ cache. The cache is
integrated with an RSFQ multi-bit digital mixer [5] – a critical
DSP circuit of a Digital-RF channelizing receiver.
II. HYBRID MEMORY DESIGN
A. Hybrid Memory Configuration
Since superconducting SFQ memories do not have large
capacity [6] and cryogenic hybrid Josephson-CMOS
memories are not yet available [7], we pursue a hybrid
temperature – hybrid technology (ht2) approach [2]. In this
approach, we integrate a large capacity room-temperature
semiconductor memory and a fast cryogenic RSFQ cache
integrated on the same chip with an RSFQ digital signal
processor. The asymmetric nature of the required memory
operation – predominant readout, infrequent addressing, no
writing functions, allows us to utilize pipeline loading in order
to avoid latency issues.
Fig. 1 shows our hybrid memory configuration and its
integration into a Digital-RF channelizing receiver. It consists
of room-temperature high–capacity memory capable of fast
readout and a cryogenic superconducting RSFQ cache capable
of receiving serial data, its re-synchronizing and deserializing.
This cache memory is integrated with the In-phase (I) and
Quadrature (Q) sections of a multi-bit digital mixer.
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relative to the C state where nc = 0. Given the fact that
a 1st order transition exists between them, Fc must be
chosen to yield both the C and IC phases. The necessary double-minima shape for Fc as function of q ⇠ 2⇡nc
can be taken from the experimentally confirmed numerical modeling [40] of an unharmonic Landau model [? ].
Taking a more insightful analytic approach instead, we
write:

lar timescale (⌧E ⇠ 1 ps) [13, 14], the condensation i
a CDW state competes with e h recombination, al
gether subject to the conservation law nh ne = nc . T
time evolution of the transient particle densities can th
be described by two kinetic equations for nh and ne :
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FIG. 8. !"a#–"d#$ Temperature evolution of the electrondiffraction "ED# patterns in the hk0 plane for Cu0.04TaS2. Bright
spots are the diffraction peaks from the hexagonal crystal structure.
Diffuse scattering is present at high temperatures, but at 55 and 25
K, the diffraction peaks from the CDW are clearly observed. "e# hk0
plane ED pattern at 11 K of 2H-TaS2. The weak sharp CDW reflections are clearly shown between the fundamental reflections. "f#
and "g# are the intensity profiles of the fundamental and the CDW
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increment in Tc on doping 2H-TaS2, up to 2.5 K from 0.8 K,
comes from these initial effects and that further increases, to
1.2 0.8 0.4 EF 1.2 0.8 0.4 EF 1.2 0.8 0.4 EF the 4.5 K range, are due to the actual electronic doping of the
system.
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