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Nonequilibrium superconductivity 
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Why?	
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How?		
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Generic	mechanism	to	control	compe5ng	orders	with	light?'
Recent	theories	on	laser-controlled	couplings	and	compe5ng	orders:	
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Experimental motivation: competing orders 
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Figure 2 | Tomographic view of a 50-nm-thick YBCO layer in a
YBCO–LCMO SL. Electronic phases as a function of depth and temperature,
including antiferromagnetic insulating (AFI), spin density wave (SDW),
superconducting (SC) and charge-density-wave (CDW) states. FM denotes
the ferromagnetic state in the LCMO layers. The bottom panel is an
estimate of the corresponding charge carrier concentrationp. Detailed
models of the charge carrier proÞle will have to consider the work function
di! erence between YBCO and LCMO, the interfacial structure, and
chemical intermixing (see Supplementary Methods).

intensity with thickness, and its large intensity for theD = 50 nm
sample, demonstrate that most (if not all) of the YBCO volume in
this SL is a! ected by CDW formation. Rather than being pinned
to the interfaces, as expected for an ordinary proximity e! ect, these
data imply that robust CDW order is present over a large fraction of
the 50-nm-thick layer with!p"= 0.15.

Having established the presence of robust CDW order in the
50-nm-thick YBCO layer with!p" = 0.15, we now turn to its
temperature and magnetic field dependence. The temperature
dependence of the RXS intensity (Fig.3) is indicative of a second-
order phase transition with a critical temperature of 110 K. This
is in stark contrast to the gradual onset of CDW correlations with
decreasing temperature in bulk cuprates (shown for comparison in
Fig.3), which has been attributed to the competition between CDW
and superconductivity and/or pinning of CDW domains to random
defects10,11. The RXS intensity in the SLs evolves smoothly through
the superconducting transition, with no sign of the sharp suppres-
sion belowTc seen in bulk YBCO. Moreover, Fig.4shows that a mag-
netic field of 6 T does not a! ect the CDW correlations, again in con-
trast to the behaviour of bulk underdoped YBCO, where the CDW
is markedly enhanced by magnetic fields of this magnitude3,6,17.

These observations indicate that the CDW state in YBCOÐ
LCMO superlattices is much closer to a genuine thermodynamic
phase than it is in bulk YBCO. This provides a natural explanation
for modifications of the electronÐphonon interactions32 and the
thermoelectric properties33 over a similar spatial range. Di! erent
mechanisms may contribute to the stabilization of the CDW over
a range of tens of nanometres. In particular, we note that the graded
charge carrier concentration profile (Fig.2) includes regions close
to the interface wherep is optimal for the formation of the CDW17.
These regions can act e! ectively as coherent nucleation centres of
CDW domains in optimally doped regions further inside the YBCO
layers. In contrast, pinning of incommensurate CDW fluctuations
by randomly disordered defects in bulk YBCO11,12 is presumably
much less e! ective.

We now discuss the proximity-induced monotonic evolution
of the CDW order parameter belowTc. The strong, systematic
increase of both the CDW peak intensity and the superconducting
Tc with YBCO layer thickness implies that CDW order and
superconductivity coexist deep inside the YBCO layers. We
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Figure 3| Temperature dependence of the RXS intensity for a SL with
50-nm-thick YBCO. The data for the SL are shown as blue circles and
compared to equivalent data on a single crystal of YBCO6.6 (ref. 17), shown
as open squares. Lines are guides to the eye.
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Figure 4 | Magnetic field dependence of the RXS intensity for a SL with
50-nm-thick YBCO. The main panel shows background-subtracted RXS
scans with applied magnetic Þeld nearly along thec-axis, taken atT= 4 K.
The inset shows the magnetic Þeld dependence of the RXS intensity,
extracted from the RXS proÞles by Þtting to Lorentzians. The error bars were
determined by the Þtting procedure. The shaded line is a guide to the eye.

therefore consider possible scenarios for laterally modulated
structures comprising both superconducting and CDW order at
optimum doping. The first scenario involves mesoscopic patches of
non-superconducting CDW order that coexist laterally with patches
of superconducting order. The order in the CDW patches is then
closely related to the CDW state realized in bulk YBCO7 in magnetic
fields of the order of 100 T, where superconductivity is obliterated
by orbital depairing14Ð16. The superconducting patches, on the other
hand, are CDW-free, as they are in bulk optimally doped YBCO.
Due to the mesoscopic phase separation, the interaction between
the two order parameters is strongly reduced, thus explaining
the lack of suppression of the CDW order parameter belowTc

(Fig.3). However, there is no direct evidence for such mesoscopic
phase separation, and the mechanisms that might give rise to such
behaviour remain unclear.

Second, superconductivity and CDW order may be microscop-
ically ÔintertwinedÕ. Since CDW order is strengthened by proximity
to the interfaces, and is fully established at the superconducting
Tc, the superconducting order parameter has to adjust to the pre-
existing CDW order, perhaps by forming a modulated state akin
to the ÔFuldeÐFerrellÐLarkinÐOvchinnikovÕ state in ferromagnetic
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YBCO-LCMO	heterostructure	
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Driven SC/CDW  
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CDW ~ A 
1-photon resonance 
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2-photon resonance 
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Competing orders 

W'

- attractive -U Hubbard model 
- degeneracy of SC and CDW at 
perfect nesting 
- SO(4) symmetry (SC, CDW, eta 
pairing) 
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rl Pairing and Off-Diagonal Long-Range Order in a Hubbard Model

Chen Ning Yang
State University ofNew York, Stony Brook, New York l 1794-3840

and Chinese University of Hong KongH, ong Kong
(Received 22 August 1989)

It is shown in a simple Hubbard model that through a mechanism called g pairing one can construct
many eigenstates of the Hamiltonian possessing OA-diagonal iong-range order. The intrapair distance is
small. It is shown that these eigenstates are metastable and possessan energy gap.

PACS numbers: 74.20.Ñz, 05.30.Fk

Since the discovery of high-temperature superconduc-
tivity' in 1986-1987there have been many proposals
for the theoretical mechanism for such phenomena.
None has been generally accepted. Most proposals con-
cern some kind of Hubbard model, which unfortunately
is difFicult to solve except in one dimension.

In this paper we show that for the simplest Hubbard
model in three dimensions (also in one or two dimen-
sions), many eigenfunctions of the Hamiltonian can be
explicitly written down. Of particular interest is the fact
that these eigenfunctions possessoff-diagonal long-range
order (ODLRO), the property of a dynamical system
that is essential for the phenomena of superconductivity
and superAuidity. This is a rather subtle long-range or-
der, especially for fermions, and no previous models of
fermions in dimensions higher than one has been proven
to have eigenstates with ODLRO. The usual BCSwave
function does have ODLRO via the mechanism of
Cooper pairs, but it is not an eigenstate of a Hamiltoni-
an system with a local potential energy.

The mechanism essential for the eigenfunctions of the
present paper is a g-pairing mechanism which seems to
be peculiar to lattice models, and is absent in any contin-
uum model.

For the attractive casethese eigenfunctions are shown
to be metastable at low temperatures. They possess
ODLRO, and thus are superconducting.

(I) ri pairing Consid.eÑr a three-dimensional Hub-
bard model on a periodic L xL x L lattice where L is even
(e)0):

H=T+ V,

given by

ay=(L) 'l'ga, exp( Ñik r), (4)

where

k =2tr/L (three-dimensional integer) (mod2n) . (5)

We choosethe fermion operators so that

[alãalt]p =b(k Ñk'), etc. ,

but

[alãbl, ] =[alãbl, ] =O. (6)

The kinetic energy T of Eq. (2) is trivially diff'erent
from the kinetic energy in the usual Hubbard model in
the appearance of the term 6, which is inserted here to
make T a positive operator. This insertion makes it pos-
sible to compare with such concepts in the continuum
problem as particles, collisions, bound states, etc. No
physical conclusion is altered by this insertion.

We shall show that many eigenstates of the Hamil-
tonian H can be explicitly written down with the aid of
an operator g defined as

ri=gat,b -1ã =tr( , tr, tr)tr.
k

(7)

Notice that this definition is only meaningful when L is
even, becauseotherwise k and x Ñk would not be simul-
taneously possible k values. Using (4), we also have

ri=ge "'a,b, .

T =eg (6Ñ2coskãÑ2cosksÑ2 cosk,)
It is easy to prove

qtT ÑTg~ = Ñ12eg~, (9)
X (al,ay+ bltbg),

V=2W+a ta,b tb

(2)

(3)

where a, and b, are coordinate-space annihilation opera-
tors for spin-up and spin-down electrons, respectively,
and r is a three-dimensional integral coordinate variable
that designates the L x L xL lattices sites. The annihila-
tion operators a~ and bg are momentum-space operators

by going into the representation where all ai,ap and all
be~bi, are simultaneously diagonal. The basic kets in this
representation will be denoted by I n) Now ta.ke
(n'I

I n) of both sides of (9). Since T is diagonal in this
representation, (9) becomes

&n'
I ri In&[&n I

T
I

n& Ñ&n'
I T I

n'&]

12e(n I
Gt

I n) . (9 )
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Minimal Model 
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Mean-field equations 
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nonlinear equations: 
self-consistency in real time 
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Equations of motion for electronic driving:  
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Gap resonance – coexisting initial state 
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Gap resonance – coexisting initial state 
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Gap resonance – coexisting initial state 
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Gap resonance 
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Inducing superconductivity 
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Summary 
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-  laser-controlled switching between SC/CDW 
-  light-induced eta pairing and a collective mode 
-  path to understanding of light-induced superconductivity in 

systems with competing orders? 
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