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Deconfined quantum criticality and Néel order via dimer disorder
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Recent results on the nature of the quantum critical point between Néel and valence bon®/B8lid
ordered phases of two-dimensional quantum magnets are examined by an attack from the VBS side. This
approach leads to an appealingly simple physical description, and further insight into the properties of the
transition.
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Recent theoretical wotk on quantum phase transitions in defects in one order parameter, say the Néel vector, prolifer-
two dimensional spin-1/2 quantum antiferromagnets has urate and condense they kill long-range Néel order. At the
earthed some interesting phenomena dubbed “deconfineshme time, the quantum numbers they carry induce a differ-
guantum criticality.” The theory of such deconfined quantument broken symmetry. The nontrivial structure of the defects
critical points is described in terms of excitations that carryis inherently quantum mechanical and is not captured in na-
fractionalized quantum numbers which interact through arive macroscopic treatments of the broken symmetry state.
emergent gauge field. A precise characterization of the de=or the Néel ordered states, the structure of the defects
confinement is provided by the emergence of an extra globaknown as hedgehog3 and their role in producing the VBS
topological U(1) symmetry not present at a microscopic ordered paramagrfetvas elaborated many years ago. This
level. This symmetry leads to an extra conservation law aprovided the basis for the theory of the transition developed
the critical fixed point that is conveniently interpreted as thein Refs. 1 and 2. Here we will expose this physics starting
conservation of a gauge flux. from the VBS side.

The most prominent example of such a deconfined quan- As the VBS order is described by a discré&teclock order
tum critical point arises at the transition between Néel-andParameter, the natural topological defects are domain Walls.
valence bond solidVBS) ordered phases of spin-1/2 mag- Various kinds of walls between the four different broken
nets on a square lattice. A direct second-order transition iSymmetry states are possible. It is convenient to consider an
possible between these two phases despite their very diffefelementary” domain wall across which the clock angle
ent broken symmetries, and in contrast to naive expectatiorhifts by /2, and to assign an orientation to such a wall. An
based on the Landau paradigm for phase transitions. Prev@xample is shown in Fig. 2. All other walls, where the clock
ous results? on this transition have been based primarily onangle shifts by higher multiples of/2, may be built up from
an attack starting from the Néel ordered side. Here we wilthe elementary wall.
take the alternate approach of attacking from the VBS side. A key point is that four such elementary walls can come
This approach provides for an appealingly simple physical
description of the transition.

The Néel ordered state is described by @(8) vector — 5
order parameter. The VBS state, on the other hand, is de, —— . +—
scribed by aZ, clock order parameter. The four degenerate+ | , ) ( ) ( ) ( ) ( ) ( —
ground states associated with tAgorder parameter are il- — S
lustrated in Fig. 1 for a specific VBS state in which the | e | ) O

8 I

valence bonds have lined up in colunin&.naive approach

to the transition from the Néel side would associate the criti-
cal fixed point with the usuaD(3) fixed point inD=2+1
dimensions. This expectation is incorrect. Similarly a naive
approach to the transition from the VBS side would lead one —P 9— M

to expect a critical fixed point in th&, universality class in — ) ( ) ) ) ( ) (
D=2+1. This expectation is again incorrect. As is well SR
known, theclassical 7 transition in three dimensions is ac- 1 ) ( ) f ) ( J ( J (
tually in theD =3 XY universality class as the fourfold clock S a—

anisotropy is irrelevant at the latter fixed poifir instance, S ] I
see Ref. 4 The critical theory discussed in Refs. 1 and 2 is

emphatically not in the three-dimensiori@D) XY universal- FIG. 1. (Color online Schematic picture of the four degenerate
ity class. ground states associated with the columnar VBS state. The en-

Why do these naive expectations fail? The answer igircled lines represent the bonds across which the spins are paired
rooted in the observation that the topological defects in eitheinto a valence bond. The four ground states are associated with four
order parameter carry nontrivial quantum numbers. When thdifferent orientations of &, clock order parameter.
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FIG. 2. (Color onling An example of an elementary domain )
wall in the VBS state across which the clock angle shiftsaiy.

together and terminate at a point. It is clear that such termi- FIG. 4. (Color onling The Z, vortex in the columnar VBS state.
nation points may be associated wih vortices—the clock  The blue lines represent the four elementary domain walls. At the
angle winds by zr upon encircling such a termination point core of the vortex there is an unpaired site with a free spin-1/2
(see Fig. 3 Z, antivortices may be similarly defined. moment.

What do suchz, vortices correspond to in terms of the

. : e . ;
underlying VBS configurations? An example is illustrated N \am that distinguishes the VBS state from a more ordinary

i, 4 emanabl property of s caioon i st L 1"t it a7, ordr paramter. Such an ordinary tte o
P PINFains for instance in a simple lattice quantud{2) rotor

It is the nontrivial structure of th&, vortex in this prob-

tire valence bond pattern by one lattice spacing reverses thee-dimensional classicZ}, model and is hence in the 3D
direction of the winding—thus th, vortices are associated xvy ynjversality class(since the clock anisotropy is irrel-
with one sublattice, say th& sublattice, and th&, antivor-  eyanj. In contrast, disordering transitions out of the VBS
tices with theB sublattice. phase must necessarily take into account the presence of the
Thus in this particular quantum problem, tég vortices  spin-1/2 moment in the cores of tig vortices. Any map-
(and antivorticepcarry an uncompensated spin-1/2 moment.ping to a classical 3, model is then complicated by the
They may therefore be identified with “spinons.” In the need to incorporate this vortex structure.
VBS-ordered phase, the energy required to separate a vortex Consider moving out of the VBS phase by proliferating
from an antivortex increases linearly with distance, sinceand condensing th&, vortices. Clearly once the vortices
such a pair is necessarily accompanied by four domain wallproliferate, long-ranged, order cannot be sustained. Fur-
connecting the two defectsee Fig. 3. This means that the thermore, as these vortices carry spin, the resulting state will

spinons areconfinedand do not exist as free excitations in break spin symmetry, and as argued below may be identified
this phase. as the Neéel state.

These simple considerations, therefore, provide a mecha-
nism for a direct second-order transition between the VBS
and Néel phases. As for the us@almodel, it is reasonable
to expect that the clock anisotropy will be irrelevant at this
transition as well. Indeed, as we will argue later, this is
strongly supported by the evidence from Refs. 1 and 2. For
the present, let us explore the consequences of the expected
irrelevance of the clock anisotropy.

The critical theory will then be that of &uantum XY
model inD=2+1 butwith vortices that carry spin-1/gSee
Fig. 5. The spinon nature of these vortices will change the
universality class fromD=3 XY to something different.
Clearly to expose this difference and to obtain a description
of the resulting new universality class, it will be most con-
venient to go to a dual basis in terms of the vortices and their

FIG. 3. (Color onling Macroscopic picture of &, vortex as a  interactionganalogous to the familiar Coulomb gas descrip-
point where four oriented elementary domain walls meet and endtion of classical 2DXY models.
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—g— —aE— based on an approach that attacked from the Néel side. We
/ . \ have thus shown how to recover that field theory in an ap-
e —— T~ proach from the VBS side.
l — T These considerations may be formalized as follows. First
/ e \ we note that, represents @, spinon vortex, and hence must
transform as a spinor under physical @Yspin rotations.
The antivortex must also transform as a spinor; we must
+ \ . therefore rgprese_:nt anti\(ortices bj/q%bzb,' whered? is the
\ ’/ usual Pauli matrix. As discussed pictorially above, elemen-
\ - tary lattice translations take vortices to antivortices so that
\\\\ - = %H—iagg;. It follows that the vectorl\lzz_;&abzb changes
. sign under an elementary lattice translation. We may there-
\\\\ / fore identify it with the Néel order parameter. Thus for in-
- = / stance a uniform condensate znf corresponds to the Néel

We may formally justify the critical theory in Eq.l)
above as follows. The arguments developed above show that
the critical theory is that of aXY model where the vortices

FIG. 5. lor onling The structure of th&, vortex cl to th . - .
G. 5. (Color onling The s e of thé, vortex close to the are spinons. Consider the conserved curgnof this XY
transition. As one approaches the critical point, the domain walls

(depicted as a blue-shaded regidrecome thicker. At the same model. In the ordered phase this may be expressed in terms

time, the vortex core where the spin-1/2 moment resi{depicted of the XY phase fieldy through
as a gray circular regigrbecomes larger. The domain wall thick- J#: K%X, (2)

nesséygs and the vortex core sizé both diverge at the transition ) ]
but because the clock anistropy is irrelevant, the former diverge¥vhereK is the stiffness of theXY model. To access theY

faster. Therefore, at intermediate length scalesger thang but  disordered phase, it is necessary to include vortex configura-
smaller thanéygg the clock angle winds smoothly as in a regular tions and account for the periodicity of the phageThe

\\\\ — — / state.
e

XY vortex. vortex currentj, is given by
. - H 1
The structure of such a dual vortex reformulation is well Ju= zf,mﬂy&)\x- 3

known. The basic idea is to regard the phase mode oXKthe

model as the photon associated with a fictitious noncompadtiote thatj,, must be invariant under physical spin rotations
U(1) gauge field. The vortices then correspond to gaugeven though it is carried by spinons. The conservation con-
charges that are minimally coupled to this photon field. Atdition onJ, may be implemented by expressing it as

the critical point, the vortices are gapless: the critical theory 1

may be constructed as a theory of gapless vortex fields mini- 3= T €08 (4)
mally coupled to a fluctuating noncompadtl) gauge field. 2

For the problem at hand, the spinon nature of the vortices ishjs equation defines the fiel,, which may be interpreted
readily incorporated by introducing a two-component Spinoras a noncompadt(1) gauge field. Clearly it is defined only
field, z,, to represent the vorticga=1,2 is thespin inde¥.  yp t0 a gauge transformatiay, — a,+d,6. The vortex cur-
The transition out of the VBS phase to the Néel phase Wilkent may now be reexpressed in tlérmﬂagf

then be described by a theory of gapless spinon vortices
coupled minimally to a fluctuating noncompdd{l) gauge
field (which is the dual of theXY phase mode

The critical theory is readily written down. The most gen- hereb. = is th . iant field h
eral theory consistent with thg(1) gauge structureSU(2) whereb, = é,asda8 IS the gauge-invariant field strength as-
. sociated with thea, field. This equation now takes the form
symmetry, and vortex/antivortex exchange symmetry of theOf the familiar Alfr‘] ere law. The duality is completed b
microscopic mode(the latter required by the symmetry un- P : Y b y

) ) ) . requiring a continuum field theory of the spinon vortizgs
gze_r fsduzer(IjaTtgceW(iatﬁchangeH B), is described by the action whose equations of motion reduce to this Ampere law equa-
= )

tion. The action in Eq(1) above has precisely this property

) 1
IM = me,uv)\avb)\' (5)

2 as is readily checked.
L,= 2 [(9,—1a,)z|? + S|z + u(|2?)? + k(€ ,,,,0,8,)°. Note that as usual the conserved densigyof the XY
a=1 model is simply the magnetic flux density in the dual de-

(1) scription. As the phasg is the conjugate operator, the op-
eratore®X simply increases the total gauge flux by-.8We
The transition occurs as the parameseis tuned. Thea,  may therefore identify it with a quadrupled monopole opera-
represent the components of a fluctuating gauge field. tor of the dual gauge theory. Thus the quartic anisotropy in
Remarkably this is exactly the same field theory as thehe XY model corresponds precisely to the quadrupled mono-
one proposed in Refs. 1 and 2 for the Néel-VBS transitiorpole operator. Strong evidence for the irrelevancy of this
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operator at the critical fixed point of E¢l) was presented in tent with existing gauge theoretic descriptions &f spin
Ref. 2. liquids1©

Is it possible for quantum fluctuations to destroy the To conclude, we have examined the nature of the Néel-
VBS order without inducing Néel order? Clearly the answeryBS transition by an attack from the VBS side. This ap-
is yes. One possibility is a transition to a topologically proach leads to a simple physical description of the transition
ordered Z, spin-liquid state. To obtain a topologically and is completely consistent with the alternate approach of
ordered state from the VBS state, it is as usual necessaggacking from the Néel side. All of the physics associated
to condensepaired vortices in the VBS order parameter— \yith the transitions out of the VBS phase may be fruitfully
but here these vortices are spinons. To get a spin singlet sta{g qerstood from the perspective of this paper.
it is necessary to form a singlet pair of these spirbns.
As discussed above, vortices live on one sublattice and This research is supported by the National Science Foun-
antivortices on another. Consequently we need to condensiation Grant No. DMR-0308946T.S). T.S also acknowl-
a spin-singlet pair of spinons living on the same sublatticeedges funding from the NEC Corporation, the Alfred P.
to obtain theZ, spin liquid. All of this is completely consis- Sloan Foundation, and The Research Corporation.
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