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Motivated by recent experiments on quasi-1D vanadium oxides, we study quantum phase transi-
tions in a one-dimensional spin-orbital model describing a Haldane chain and a classical Ising chain
locally coupled by the relativistic spin-orbit interaction. By employing a field-theoretical approach,
we analyze the topology of the ground-state phase diagram and identify the nature of the phase
transitions. In the strong coupling limit, a long-range Néel order of entangled spin and orbital
angular momentum appears in the ground state. We find that, depending on the relative scales
of the spin and orbital gaps, the linear chain follows two distinct routes to reach the Néel state.
First, when the orbital exchange is the dominating energy scale, a two-stage ordering takes place
in which the magnetic transition is followed by melting of the orbital Ising order; both transitions
belong to the two-dimensional Ising universality class. In the opposite limit, the low-energy orbital
modes undergo a continuous reordering transition which represents a line of Gaussian critical points.
On this line the orbital degrees of freedom form a Tomonaga-Luttinger liquid. We argue that the
emergence of the Gaussian criticality results from merging of the two Ising transitions in the strong
hybridization region where the characteristic spin and orbital energy scales become comparable.
Finally, we show that, due to the spin-orbit coupling, an external magnetic field acting on the spins
can induce an orbital Ising transition.

PACS numbers:

I. INTRODUCTION

Over the past decades, one-dimensional spin-orbital models have been a subject of intensive theoretical studies.
The interest is to a large extent motivated by experimental discovery of unusual magnetic properties in various quasi-
one-dimensional Mott insulators.™? The inter-dependence of spin and orbital degrees of freedom is usually described
by the so-called Kugel-Khomskii Hamiltonian in which the effective spin exchange constant depends on the orbital
configuration and vice versa.®>* Another mechanism of coupling spin and orbital degrees of freedom is the on-site
relativistic spin-orbit (SO) interaction AL - S, where L is the orbital angular momentum and X is the coupling
constant. In compounds with quenched orbital degrees of freedom, the presence of the SO term usually leads to the
single-ion spin anisotropy DS2 where D ~ A\?/A and A denotes the energy scale of the crystal field which lifts the
degenerate orbital states.

For systems with residual orbital degeneracy, on the other hand, the effect of the SO term is much less explored
compared with the Kugel-Khomskii-type coupling. Due to the directional dependence of the orbital wave functions,
the SU(2) symmetry of the Heisenberg spin exchange is expected to be broken in the presence of the SO interaction.
The resultant spin anisotropy is likely to induce a long-range magnetic order in the spin sector. A more intriguing
question is what happens to the orbital sector. To answer this question, one needs to consider the details of the
interplay between the orbital exchange and the SO coupling. Here we consider the simplest case of a two-fold orbital
degeneracy per site. Specifically, the two degenerate states could be the d,, and d., orbitals in a tetragonal crystal field
observed in several transition-metal compounds. We introduce pseudospin-1/2 operators 7% (a = x,y, z) to describe
the doublet orbital degrees of freedom assuming that 7% = +1 correspond to the states |yz) and i|zx), respectively.
Alternatively, one can also realize the double orbital degeneracy in the Mott-insulating phase of a 1D fermionic optical
lattice where the eigenvectors of 7 refers to p, and p, orbitals in an anisotropic potential.>® Restricted to this doublet
space, the orbital angular momentum operator L = (0,0, 7%). This can be easily seen by noting that the eigenstates
of 7 carry an angular momentum (L*) = +1.

The exchange interaction between localized orbital degrees of freedom is characterized by its highly directional
dependence: the interaction energy only depends on whether the relevant orbital is occupied for bonds of a given
orientation. This is particularly true for interactions dominated by direct exchange mechanism. Denoting the relevant

orbital projectors on a given bond as P = (1 + 77)/2, where 77/2 is an appropriate pseudospin-1/2 operator (7

being a Pauli matrix), the orbital interaction is thus described by an Ising-type term Tf Tf . The well studied orbital



compass model and Kitaev model both belong to this category.”® The quantum nature of these models comes from
the fact that different operators 77, which do not commute with each other, are used for bonds of different types.
To avoid unnecessary complications coming from the details of orbital interactions, we assume that there is only one
type of bond in our 1D system and the orbital interaction is thus governed by a classical Ising Hamiltonian.

We incorporate these features into the following toy model of spin-orbital chain (Js, J, > 0):

H = Hs+ H.+ Hg, (1)
= JsD Su Supi+ LY T A TSk

Motivated by the recent experimental characterizations of quasi-1D vanadium oxides,'* '® here we focus on the case
of quantum spin with length S = 1. The above model thus describes a Haldane chain locally coupled to a classical
Ising chain by the SO interaction Hg,. The role of the A-term is two-fold: firstly it introduces anisotropy to the spin-1
subsystem, and secondly it endows quantum dynamics to the otherwise classical Ising chain.

Before turning to a detailed study of the phase diagram of model (1), we first discuss its connections to real
compounds. As mentioned above, the interest in the toy model is partly motivated by the recent experimental progress
on vanadium oxides which include spinel ZnV,04" 17 and quasi-1D CaV304.'%1” In both types of vanadates, the
two d electrons of V37 ions have a spin S = 1 in accordance with Hund’s rule. In the low-temperature phase of both
vanadates, the vanadium site embedded in a flattened VOg octahedron has a tetragonal symmetry. This tetragonal
crystal field splits the degenerate ¢, triplet into a singlet and a doublet. As one of the two d electrons occupies
the lower-energy d,, state, a double orbital degeneracy arises as the second electron could occupy either d., or d.
orbitals. The fact that the d,, orbital is occupied everywhere also contributes to the formation of weakly coupled
quasi-1D spin-1 chains in these compounds.?’ On the other hand, the details of the orbital exchange depends on
the geometry of the lattice and in the case of vanadium spinel the orbital interaction is of three-dimensional nature.
The Ising orbital Hamiltonian in Eq. (1) thus should be regarded as an effective interaction in the mean-field sense.
Nonetheless, the toy model provides a first step towards understanding the essential physics introduced by the SO
coupling. Moreover, many conclusions of this paper can be applied to the case of quasi-1D compound CaV,04 where
the vanadium ions form a zigzag chain.

It is instructive to first establish regions of stable massive phases. In the decoupling limit, A — 0, our model
describes two gapped systems: a quantum spin-1 Heisenberg chain and a classical orbital Ising chain. The ground
state of the spin sector is a disordered quantum spin liquid with a finite spectral gap?! Ag, whereas the orbital ground
state is characterized by a classical Néel order along the chain: (77) = (—1)" n®. Quantum effects in the orbital sector
induced by the SO coupling play a minor role. Obviously, just because of being gapped, both the spin-liquid phase and
the orbital ordered state are stable as long as A remains small. Consider now the opposite limit, A > Jg, J.. In the
zeroth order approximation, the model is dominated by the single-ion term Hg, whose doubly degenerate eigenstates
|£) = |S% = £1) ® |[7® = £1) represent locally entangled spin and orbital degrees of freedom. Switching on small
Js and J; leads to a staggered ordering of the |[+) and |—) states along the chain. Physically, the large-A ground
state can be viewed as a simultaneous Néel ordering of spin and orbital angular momentum characterized by order
parameters ¢ and n” such that (SZ) = (—=1)"¢ and (LZ) = (7%) = (=1)"n". The Ising order parameter n* vanishes
identically in this phase.

These observations naturally lead to the following questions. How is the magnetically ordered Néel state at large
A connected to the disordered Haldane phase as A — 0 ? What is the scenario for the orbital reorientation transition
1n* — 1", which is of essentially quantum nature ? In this paper we employ the field-theoretical approach to address
these questions. We first note that the one-dimensional model (1) is not exactly integrable. As a consequence, the
regime of strong hybridization of the spin and orbital excitations, which is the case when J., Jg and \ are all of
the same order, stays beyond the reach of approximate analytical methods. We thus will be mainly dealing with
limiting cases J, > Jg and J, < Jg, in which one can integrate out the “fast” variables to obtain an effective action
for the “slow” modes. Following this approach, we establish the topology and main features of the ground-state
phase diagram in the accessible parts of the parameter space of the model. We were able to unambiguously identify
the universality classes of quantum criticalities separating different massive phases. Using plausible arguments we
comment on some features of the model in the regime of strong spin-orbital hybridization.

We demonstrate that the aforementioned reorientation transition n* — n* can be realized in one of two possible
ways. In the limit of large J,, we find a sequence of two quantum Ising transitions and an intermediate massive phase,
sandwiched between these critical lines, in which both n* and n® are nonzero. This is consistent with the recent
findings?? based on DMRG calculations and some analytical estimations. In the opposite limit, when the Haldane
gap Ag is the largest energy scale, integrating out the spin excitations yields an effective lowest-energy action for
the orbital degrees of freedom, which shows that the n* — n® crossover takes place as a single Gaussian quantum
criticality. At this critical point, the orbital degrees of freedom display an extremely quantum behaviour: they are



gapless and form a Tomonaga-Luttinger liquid. This is the main result of this paper. We bring about arguments
suggesting that the emergence of the Gaussian critical line is the result of merging of the two Ising criticalities in the
region of strong spin-orbital hybridization.

Any field-theoretical treatment of the model (1) must be based on a properly chosen contiuum description of
the spin-1 antiferromagnetic Heisenberg chain. Its properties have been thoroughly studied, both analytically and
numerically (see for a recent review Ref. 23). In what follows, the spin sector of the model (1) will be treated within
the O(3)-symmetric Majorana field theory, proposed by Tsvelik:?4

Ha= Y [5 <s$aw§$—£ﬁam5%>—imsm}+Him.

a=1,2,3
(2)

Here £ 1 () is a degenerate triplet of real (Majorana) Fermi fields with a mass m, the indices R and L label the
chirality of the particles, and

1
Hine = 59D (€h¢1)°

is a weak four-fermion interaction which can be treated perturbatively. The continuum theory (2) adequately describes
the low-energy properties of the generalized spin-1 bilinear-biquadratic chain

Hs = Hs = Js Y [SuSui1 = B(Sn-Su1)’] - (3)

n

in the vicinity of the critical point 3 = 1.2° This quantum criticality belongs to the universality class of the SU(2)
Wess-Zumino-Novikov-Witten (WZNW) model with central charge ¢ = 3/2.

At small deviations from criticality the Majorana mass m ~ Jg|8 — 1| determines the magnitude of the triplet gap,
Ag = |m| < Js. The theory of a massive triplet of Majorana fermions is equivalent to a system of three degenerate
noncritical 2D Ising models, with m ~ (T — T.)/T.. This is one of the most appealing features of the theory because
the most strongly fluctuating physical fields of the S = 1 chain, namely the staggered magnetization and dimerization
operators, have a simple local representation in terms of the Ising order and disorder parameters.?%2%:27 It is this fact
that greatly simplifies the analysis of the spin-orbital model (1). While the correspondence between the models (2)
and (3) is well justified at |8 — 1| < 1, it is believed that the Majorana model (2) captures generic properties of the
Haldane spin-liquid phase of the spin-1 chain, even though at large deviations from criticality (|8 — 1| ~ 1, Ag ~ Js)
all parameters of the model should be treated as phenomenological.

The remainder of the paper is organized as follows. We start our discussion with Sec. II which contains a brief
summary of known facts about the Majorana model?* that will be used in the rest of the paper. In Sec. III we consider
the limit J,/Ag > 1 and by integrating out the ‘fast’ orbital modes, show that on increasing the SO coupling A the
system undergoes a sequence of two consecutive quantum Ising transitions in the spin and orbital sectors, respectively.
In section IV we analyze the opposite limiting case, J,/Ag < 1, and, by integrating over the ‘fast’ spin modes, show
that there exists a single Gaussian transition in the orbital sector accompanied by a Neel ordering of the spins. We
then conjecture on the topology of the ground-state phase diagram of the model. In Sec. V we show that spin-orbital
hybridization effects near the orbital Gaussian transition lead to the appearance of a non-zero spectral weight well
below the Haldane gap which can be detected by inelastic neutron scattering experiments and NMR measurements.
In Sec. VI we comment on the role of an external magnetic field. We show that, through the SO interaction, a
sufficiently strong magnetic field affects the orbital degrees of freedom and can lead to a quantum Ising transition in
the orbital sector. Sec. VII contains a summary of the obtained results and conclusions. The paper has two appendices
containing certain technical details.

II. SOME FACTS ABOUT MAJORANA THEORY OF SPIN-1 CHAIN

In this Section, we provide some details about the O(3)-symmetric Majorana field theory,?* Eq. (2), which represents
the continuum limit of the biquadratic spin-1 model (3) at |3 — 1] < 1.

In the continuum description, the local spin density of the spin model (3) has contributions from the low-energy
modes centered in momentum space at ¢ =0 and ¢ =

S(z) = Ir(x) +1r(z) + (~1)*/*N(x) (4)
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FIG. 1: Schematic phase diagram of the model on the (zg, -)-plane, where s = Ag/X and =, = J-/A.

The smooth part of the local magnetization, I = Ip + Iy, is a sum of the level-2 chiral vector currents. The SU(2),
Kac-Moody algebra of these currents is faithfully reproduced in terms of a triplet of massless Majorana fields?®

&= (6.6
I=-3(&x6), (v=RL) (5)

This fact is not surprising because, as already mentioned, the central charge of the SU(2)s WZNW theory is ¢ = 3/2,
whereas that of the theory of a massless Majorana fermion (equivalently, critical 2D Ising model) is ¢ = 1/2. At small
deviations from criticality (|8 — 1| < 1) the fermions acquire a mass. Strongly fluctuating fields of the spin-1 chain,
the staggered magnetization N(z) and dimerization operator e(x) = (—1)"S,, - S,,11, are nonlocal in terms of the
Majorana fields but admit a simple representation in terms of the order, o, and disorder, u, operators of the related
noncritical Ising models:

N ~ (1/a)(o1p2ps, prozps, p1p203),
e ~ (1/a)oi0203, (6)

where a ~ ag is a short-distance cutoff of the continuum theory. These expressions together with their duals (i.e.
their counterparts obtained by the duality transformation in all Ising copies, o, > p,) determine the vector and
scalar parts of the WZNW 2x2 matrix field § which is a primary scalar field with scaling dimension 3/8. It has been
demonstrated in Ref. 28 that using the representation (6) and the short-distance operator product expansions for the
Ising fields, one correctly reproduces all fusion rules of the SU(2)s WZNW model. An equivalent way to make sure
that this is indeed the case is to consider the four-Majorana representation of the weakly coupled spin-1/2 Heisenberg
ladder?%27 and take the limit of a infinite singlet Majorana mass to map the low-energy sector of the model on the
O(3) theory (2).

In the spin-liquid phase of the spin chain (3), which is the case § < 1, the Majorana mass m is positive, implying that
the degenerate triplet of 2D Ising models is in a disordered phase: (0,) =0, (11q) # 0 (@ = 1,2, 3). In particular, this
implies that the O(3) symmetry remains unbroken, (N) = 0, and the ground state of the system is not spontaneously
dimerized, (¢) = 0.

The representation (6) proves to be very useful for calculating the dynamical spin correlation functions because the
asymptotics of the Ising correlators (o (z,7)c(0,0)) and (u(x, 7)1(0,0)) are well known both at criticality and in a
noncritical regime. In the disordered phase (m > 0), the leading asymptotics of the Ising correlators are:

() ~ (a/gs)'/* [1+0(e72/)]

(o(r)a(0)) ~ (a/¢s)/* \/Es]r e "/48 (7)

where g = v/m is the correlation length, and r = a2 + v272. (By duality, in the ordered phase (m < 0) the
asymptotics of the correlators in (7) must be interchanged.) Correspondingly, the dynamical correlation function

(N(r)N(0)) ~ (a/€s)*/* /€ r e7/%s. (8)



Its Fourier transform at g ~ 7 and small w describes a coherent excitation — a triplet magnon with the mass gap m:

Sm x(q,w) ~ s (w - \/m) . 9)

|l

Since the single-ion anisotropy Hanis = D), (52)? lowers the original O(3) symmetry down to O(2) x Zs, one
expects?* that in the continuum theory it will induce anisotropy in the Majorana masses

my = mg # ms,
as well as in the coupling constants parametrizing the four-fermion interaction:
1
Hine = 5 Zgab (EREE) (ERET), 913 = gas 7 gr2 -
a#b

This can be checked by using the correspondence (4) and short-distance operator product expansions (OPE) for the
physical fields. There will also appear anisotropy in the velocities, v; = vo # v3, but we will systematically neglect
this effect. Thus, we have Hanis = [ dz Hanis, with

Haws = D [ de [F@1 e ) + NN 4], (10

where o ~ a is a short-distance cutoff of the continuum theory. Using (5) and keeping only the Lorentz invariant

terms (i.e. neglecting renormalization of the velocities) we can replace (I3)? by 2I3,13. To treat the second term in

the r.h.s. of (10), we need OPEs for the products of Ising operators:2°

o(z,z)o(w,w)

_ % (ﬁ)m [1— 7|z — wle(w, w)]. (11)

1(z, 2)p(w, w)

o 1/4
- % <m) [1+ 7|2 — wle(w, w)]. (12)

Here ¢ = i€RrEy, is the energy density (mass bilinear) of the Ising model, z = v7 + iz and w = v7’ 4 iz’ are two-
dimensional complex coordinates, Z and w are their conjugates. From the above OPEs it follows that

N*(@)N*(x + o) = i(n/a) (§péL + EREL — EREL)
—(m?O)(ErSL) (EREL) — (SREL)(EREL) — (ERED) (EREL],

where C' ~ 1 is a nonuniversal constant. As a result,

: a ¢~a 1 a ¢~a
Hanis =1 Z 5ma §R§L + 5 Z 5gij (§R§L) (5%52) ) (13)
a=1,2,3 a#b
where
dmy = dme = —dmg = —(7C)D (14)

are corrections to the single-fermion masses, and dg12 = (2 — 72C)Da, 6g13 = dga3 = 72C Da are coupling constants
of the induced interaction between the fermions. Smallness of the Majorana masses (Jm|a/v < 1) implies that the
additional mass renormalizations caused by the interaction in (13) are relatively small, m(Da/v) In(v/|m|a) < D, so
that the main effect of the single-ion anisotropy is the additive renormalization of the fermionic masses, m, = m+dmy,,
with dm, given by Eq.(14).

The cases D > 0 and D < 0 correspond to an easy-plane and easy-axis anisotropy, respectively. The spin anisotropy
(18) induced by the spin-orbit coupling is of the easy-axis type. At D < 0 the singlet Majorana fermion, &3, is the
lightest, m3 < mi1 = mo. Increasing anisotropy drives the system towards an Ising criticality at D = —D*, where
mg = 0. At D < —D* the system occurs in a new phase where the Ising doublet remains disordered while the
singlet Ising system becomes ordered. It then immediately follows from the representation (6) that the new phase
is characterized by a Néel long-range order with (N?3) # 0. Transverse spin fluctuations, as well as fluctuations of
dimerization, are incoherent in this phase.



IIT. TWO ISING TRANSITIONS IN THE As<J+ LIMIT

Now we turn to our model (1). Let us consider the case when, in the absence of spin-orbit coupling, the orbital
gap is the largest: J; > Js. The orbital pseudospins then represent the ‘fast’ subsystem and can be integrated
out. Assuming that A < J, we treat the spin-orbit coupling perturbatively. In this case, the zero order Hamiltonian
Hy = Hs+ H. describes decoupled spin and orbital systems, while the spin-orbit interaction Hg, denotes perturbation.
Defining the interaction representation for all operators according to A(7) = €0 Ae~"Ho (here 7 denotes imaginary
time), the interaction term in the Euclidian action is given by

Ss, = /\Z/dT TI(T)SE(T). (15)
n
The first nonvanishing correction to the effective action in the spin sector is of the second order in A:

AS, — % zm: / drydrs (72 (11)78 (12)), S (1) S5 (72).
(16)

Averaging in the right-hand side of (16) goes over configurations of the classical Ising chain H,. The correlation
function (7% (71)7% (12))- is calculated in Appendix A. It is spatially ultralocal (because there are no propagating
excitations in the classical Ising model) and rapidly decaying at the characteristic time ~ 1/.J., which is much shorter
than the spin correlation time ~ 1/Ag:

(1o (T1) 7 (72)) 7 = Onm exp (—4J7 |11 — T2|). (17)

Passing to new variables, 7 = (71 + 72)/2 and p = 71 — T2, and integrating over p yields a correction to the effective
spin action which has the form of a single-ion spin anisotropy. Thus in the second order in A, the spin Hamiltonian
acquires an additional term

)\2

- (s (18)

Hani =

The anisotropy splits the Majorana triplet into a doublet (£1,£2) and singlet (£3), with masses

TC\2 e — TC\2
47, T 4,

mip =mg =m+

(19)

where C' ~ 1 is a nonuniversal positive constant. The anisotropy is of the easy-axis type, so that the singlet mode
has a smaller mass gap.

As long as all the masses m, remain positive, the system maintains the properties of an anisotropic Haldane’s
spin-liquid. The dynamical spin susceptibilities calculated at small w and ¢ ~ 7 (see Sec. II),

Sm x"(q,w) = Sm x¥ (¢, w) (20)
mq
~ s _ 2,2 2
o] <w (¢ —m)%v —i—ml) ,

m
S ) ~ T3 <w _ S+ m%) ,

indicate the existence of the S% = £1 and S* = 0 optical magnons with mass gaps m; and mg, respectively. Increasing
the spin-orbital coupling leads eventually to an Ising criticality at A = Aoy = 24/ J,m/7C, where mg = 0. At mz <0
the system occurs in a long-range ordered Néel phase with staggered magnetization (SZ) = (—1)"¢()), in which
the Zs-symmetry of model (18) is spontaneously broken. Using the Ising-model representation (6) of the staggered
magnetization of the spin-1 chain, we find that at 0 < A — A1 < A1 the order parameter ((\) follows a power-law
increase:

A=A\ ®
cw~(2522)

The transverse spin fluctuations become incoherent in this phase. The situation here is entirely similar to that in the
spontaneously dimerized massive phase of a two-chain spin-1/2 ladder?73°, where the dimerization kinks make spin

(21)



fluctuations incoherent. In the present case, the spontaneously broken Zs symmetry of the Neel phase leads to the
existence of pairs of massive topological kinks contributing to a broad continuum with a threshold at w = my + |ms|
(the details of calculation can be found in Ref.27):

Sm x*"* (g, w) 22)
N 1 O(w? — (¢ — m)%v2 — (mq + |m3])?)
Vmilms] \/w? = (g = )20 = (m1 + [ma])?

In the Néel phase, the orbital sector acquires quantum dynamics because antiferromagnetic ordering of the spins
generates an effective transverse magnetic field which transforms the classical Ising model H; to a quantum Ising
chain. At A > A.; the spin-orbit term takes the form

Hs, = —hY (=1)"7% + H,, (23)

where h = A((X) and Hg, = =AY, (S7 — (S?)) 7% accounts for fluctuations. Since both the orbital and spin sectors
are gapped, the main effect of this term is a renormalization of the mass gaps and group velocities. The transverse field
h gives rise to quantum fluctuations which decrease the classical value of n* and, at the same time, lead to a staggered
ordering of the orbital pseudospins in the transverse direction. Since the orbital sector has a finite susceptibility with
respect to a transverse staggered field, in the right vicinity of the critical point n* follows the same power-law increase

as ¢ but with a smaller amplitude:
h [As (A=A )"*
T =)~y =2 ) 24
! (JT> Jr ( Act ) ( )

This result is in a good agreement with previously obtained numerical results for order parameters (See Fig. 4(a) in
Ref. 22).

Performing an inhomogeneous m-rotation of the pseudospins around the y-axis, 72 — (=1)"72%, 7¥ — 7Y, we
find that at A > A.; the effective model in the orbital sector reduces to a ferromagnetic Ising chain in a uniform
transverse (pseudo)magnetic field:

HT;eH - _JT ZTsz—i—l - hZTz (25)

Notice that the restriction A\ < J;, which was imposed in the derivation of the effective Hamiltonian in the spin
sector, now can be released because the spin sector is assumed to be in the Néel phase.

At h = J,, i.e. at A = Ao where \.o satisfies the equation

)\02 C()\c2) = JT7 (26)

the model (25) undergoes a 2D Ising transition?”?! to a massive disordered phase with (r?) = 0. This quantum
critical point can be reached when A is further increased in the region A > A.;. It is clear from (26) that A2 is of the
order of or greater than J,. It is reasonable to assume that for such values of A the Néel magnetization is close to its
nominal value, ( ~ 1, implying that A\.o ~ J.. We see that the two Ising transitions are well separated:

A2/ At ~ (Jr/As)V2 > 1. (27)

Thus, in the limit J. > Ag, the ground-state phase diagram of the model (1) consists of three gapped phases
separated by two Ising criticalities, one in the spin sector (A = A.1) and the other in the orbital sector (A = Ac2). At
0 < A < Ac1 the spin sector represents an anisotropic spin-liquid while in the orbital sector there is a Néel-like ordering
of the pseudospins: (—1)"(77) = n*(A) # 0. At Ae1 < A < As2 the orbital degrees of freedom reveal their quantum
nature: the onset of the spin Néel order (¢ # 0) is accompanied by the emergence of the transverse component of
the staggered pseudospin density: (—1)"(7%) = n"(\) # 0. Upon increasing A, the staggered orbital order parameter
7 undergoes a continuous rotation from the z-direction to z-direction. At A = A.2 a quantum Ising transition takes
place in the orbital sector where n* vanishes. At A > A2 both sectors are long-range ordered, with order parameters
¢,n* # 0. The dependence of order parameters on A is schematically shown in Fig. 2(a); this picture is in full

qualitative agreement with the results of the recent numerical studies.?2

The crossover between the small and large A limits studied in this section corresponds to path 1 on the phase
diagram shown in Fig. 1. The path is located in the region J, > Ag. Starting from the massive phase I and moving
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FIG. 2: Schematic diagram of order parameters as functions of the SO coupling constant A. (a) Two Ising transitions in the
Jr > Ag limit. (b) A single Gaussian transition in the Ag > J; limit. These two scenarios correspond to path-1 and path-2
in the phase diagram (Fig. 1), respectively.

along this path we first observe the spin-Ising transition (I — II) to the Néel phase. Long-range ordering of the
spins induces quantum reconstruction of the initialy classical orbital sector (i.e. generation of a nonzero n*). The
orbital-Ising transition (II — III) takes place inside the spin Néel phase. Of course, feedback effects (that is, orbit
affecting spin) become inreasingly important upon deviating from the critical curve AgJ; ~ 1 into phases II and III,
especially in the vicinity of the orbital transition where the spin-orbit coupling is very strong, A ~ J,. In this region
the behavior of the spin degrees of freedom is not expected to follow that of an isolated anisotropic spin-1 chain in the
Néel phase since the effect of an “explicit” staggered magnetic field ~ An® becomes important. We will see a pattern
of such behavior in the opposite limit of “heavy” spins, which is discussed in the next section.

IV. GAUSSIAN CRITICALITY AT Jr<KAs

In this section we turn to the opposite limiting case: Ag > J.. Now the spin degrees of freedom constitute the
“fast” subsystem and can be integrated out to generate an effective action in the orbital sector. We will show that, in
this regime, the intermediate massive phase where the orbital order parameter i undergoes a continuous rotation from
n = (0,0,7%) to n = (n”,0,0) no longer exists. Going along path 2, Fig. 1, which is located in the region Ag > J;,
we find that the two massive phases, I and III, are separated by a single Gaussian critical line characterized by central
charge ¢ = 1. On this line the vector m vanishes, the orbital degrees of freedom become gapless and represent a
spinless Tomonaga-Luttinger liquid characterized by power-law orbital correlations.

At A = 0 the spin-1 subsystem represents a disordered, isotropic spin liquid. Therefore the first nonzero correction
to the low-energy effective action in the orbital sector appears in the second order in A:

1
ASP = —=(S%)s (28)
1

= —5/\2;/&1 /dT2 (Sn(11)Sm(12))s T (T1) Ty (T2),

where (- --)g means averaging over the massive spin degrees of freedom. According to the decomposition of the spin



density, Eq. (4), the correlation function in (29) has the structure:

(Su(1)S0(0)) = (=1)! fu(r/Es) + fa(r/Es).- (29)

Here £ = vs/Ag is the spin correlation length and r = (vs7, ) is the Euclidian two-dimensional radius-vector. f;
and f, are smooth functions with the following asymptotic behaviour?”

filz) = Cra™ 2™, fo(z) = Coz™le™® (2> 1), (30)

where C; and Cy are nonuniversal constants. DMRG calculations show>? that Cy < C4; for this reason the contribu-
tion of the smooth part of the spin correlation function can be neglected in (29).

Integrating over the relative time 7— = 71 — 7 we find that the spin-orbit coupling generates a pseudospin zx-
exchange with the following structure:

=2 D ()W, (31)

n I>1

Here the exchange couplings exponentially decay with the separation [, J.(I) ~ (A\?/As) exp(—lag/Es), so the sum-
mation in (31) actually extends up to | ~ £s/ag. In the Heisenberg model &g is of the order of a few lattice spacings,
so for a qualitative understanding it would be sufficient to consider the [ = 1 term as the leading one and treat the
[ = 2 term as a correction. Making a 7/2 rotation in the pseudospin space, 77 — 7¥, 7¥ — —77, we pass to the
conventional notations and write down the effective Hamiltonian for the orbital degrees of freedom as a perturbed
XY spin-1/2 chain:

He = Z (JoTimis + JyrdTe ) + H. (32)

n

where

H.= =T 70rl 4. (33)

Here J, = J;, J, = J.(1) > 0 and J, = J.(2) > 0. By order of magnitude J, < J, ~ A\?/Ag.

In the absence of the perturbation H., the model (32) represents a spin-1/2 XY chain which for any nonzero
anisotropy in the basal plane (J, # J,) has a Néel long-range order in the ground state and a massive excitation
spectrum. This follows from the Jordan-Wigner transformation

e
72 =2aha, — 1, 15 =717 +irY = 2afe"™ Zi<n e (34)
which maps the XY chain onto a model of complex spinless fermions with a Cooper pairing:3?

HY = (J, 4+ ) Z (aLan_,_l + h.c.)

n

+ (L)Y (aLaL+1 + h.c.) . (35)

n

By increasing A (equivalently, decreasing J-) the model (35) can be driven to a XX quantum critical point, J, = J, (1),
ie. A=A, ~+/JAg, where the the system acquires a continuous U(1) symmetry. At this point the Jordan—ngner
fermions become massless and the system undergoes a continuous quantum transition.

The transition is associated with reorientation of the pseudospins. Away from the Gaussian criticality the effective
orbital Hamiltoian is invariant under Zs x Zs transformations: 77 — —77, 77 — —77. In massive phases this symmetry
is spontaneously broken. Making a back rotation from 7¥ to 7% we conclude that at Jy > Jp (A< X)) 07 #0,n7° =0,
while at J, < Jp (A > Ac) n° = 0, n* # 0. Both * and n* vanish at the critical point, so contrary to the case

Jr > Ag, here there is no region of their coexistence.

The passage to the continuum limit for the model (32) based on Abelian bosonization is discussed in Appendix
B. There we show that the perturbation H! adds a marginal four-fermion interaction g = J.(2)/mv < 1 to the
free-fermion model (B3). In the spin-chain language, this is equivalent to adding a weak ferromagnetic zz-coupling.
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In the limit of weak XY anisotropy, |\ — A:|/Ac < 1, the low-energy properties of the orbital sector are described by
a quantum sine-Gordon model (all notations are explained in Appendix B)

1 2
H=L| K2 = (8,9)°| + =7 cos VATO, (36)
2 K T
where
A=A ,
N~ T, 5 , K=1+429+0(g%). (37)

The U(1) criticality is reached at A = \. where, due to a finite value of g, the orbital degrees of freedom represent a
Tomonaga-Luttinger liquid. Close to the criticality, the spectral gap in the orbital sector scales as the renormalized
mass of the sine-Gordon model (36):

A=A
Ac

Strongly fluctuating physical fields acquire coupling dependent scaling dimensions. In particular, according to the
bosonization rules,?” the staggered pseudospin densities are expressed in terms of the vertex operators,

(—1)"r% = n(x) ~ sin/7O(x),

n

(—=1)"17 = n*(z) ~ cos V7O (), (39)

n

K
2K—1

Mors ~ |

(38)

both with scaling dimension d = 1/4K. This anomalous dimension determines the power-law behaviour of the average
staggered densities close to the criticality:

(A ~ (e = NV A<
Mo(A) ~ (A= AV N> A (40)

A finite staggered pseudospin magnetization n* at A > A. generates an effective external staggered magnetic field
in the spin sector:

Hs — H = Hs + Hs, Hg=—hsy (-1)"S, (41)

where hg = —An®. The spectrum of the Hamiltonian H is always massive. This can be easily understood within

the Majorana model (2). According to (6), in the continuum limit, the sign-alternating component of the spin
magnetization, N? ~ (—1)"SZ, can be expressed in terms of the order and disorder fields of the degenerate triplet of
2D disordered Ising models: N3 ~ p1p203. In the leading order, the magnetic interaction H & gives rise to an effective
magnetic field hg = hg(u1p2) applied to the third Ising system: hsos. The latter always stays off-critical.

Since in the Haldane phase the spin correlations are short-ranged, close to the transition point the induced staggered
magnetization ¢ can be estimated using linear response theory. Therefore, at 0 < A — . < A, ¢ follows the same
power-law increase as that of n” but with a smaller amplitude:

hs (NP A=A (42)
Ag Ag Ae

So, in the part of the phase C, Fig. 1, where Ag > J,, the n®-orbital order, being the result of a spontaneous
breakdown of a Zy symmetry 77 — —77, acts as an effective staggered magnetic field applied to the spins and induces
their Néel alignment. This fact is reflected in a coupling dependent, nonuniversal exponent 1/4K characterizing the
increase of the staggered magnetization at A > A.. The order parameters as functions of A in the Ag > J; limit is
schematically shown in Fig. 2(b).

As already mentioned, the absence of a small parameter in the regime of strong hybridization, J, ~ Jg ~ A\, makes
the analysis of the phase diagram in this region not easily accessible by analytical tools. Nevertheless some plausible
arguments can be put forward to comment on the topology of the phase diagram. It is tempting to treat the curve
JrAg/N\? ~ 1 as a single critical line going throughout the whole phase plane (J,/\, Ag/)). If so, we then can expect
that there exists a special singular point located in the region J,Ag/A? ~ 1. This expectation is based on the fact
that at J, > Ay limit the transition is of the Ising type and the spontaneous spin magnetization below the critical
curve follows the law ¢ ~ (A — /\01)1/ 8 with a universal critical exponent, whereas at .J, < A, the spin magnetization
has a different, nonuniversal exponent, { ~ (A— /\c)l/ 4K - Continuity considerations make it very appealing to suggest
that at the special point the Tomonaga-Luttinger liquid parameter takes the value K = 2, and the two power laws
match. Since the central charges of two Ising and one Gaussian criticalities satisfy the relation 1/2 + 1/2 = 1, the
singular point must be a point where the two Ising critical curves merge into a single Gaussian one.
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V. DYNAMICAL SIN SUSCEPTIBILITY AND NMR RELAXATION RATE IN THE VICINITY OF
GAUSSIAN CRITICALITY

It may seem at the first sight that, in the regime Ag > J, the spin degrees of freedom which have been integrated
out remain massive across the orbital Gaussian transition, and the spectral weight of the staggered spin fluctuations
is only nonzero in the high-energy region w ~ Ag. However, this conclusion is only correct for the zeroth-order
definition of the spin field Ngy(x), given by Eq. (6), with respect to the spin-orbit interaction. In fact, the staggered
magnetization hybridizes with low-energy orbital modes via SO coupling already in the first order in A and thus
acquires a low-energy projection which contributes to a nonzero spectral weight displayed by the dynamical spin
susceptibility at energies well below the Haldane gap.

To find the low-energy projection of the field N#(r), we must fuse the local operator N§(r) with the perturbative
part of the total action. Keeping in mind that close to and at the Gaussian criticality most strongly fluctuating fields
are the staggered components of the orbital polarization, we approximate the SO part of the Euclidian action by the
expression

A
Sg, ~ 200 / d2r N*(r)n®(r), (43)
vg
where r = (vgT, ) is the two-dimensional radius vector (here 7 is the imaginary time). We thus construct

N3(r) = (e~ N*(r)
— NE() - “/d? LVE (1) NE (1)) s n®(r1)
vg
+ 0(\?), (44)

where averaging is done over the unperturbed, high-energy spin modes. For simplicity, here we neglect the anisotropy
of the spin-liquid phase of the S=1 chain and use formula (8). The spin correlation function is short-ranged. Treating
the spin correlation length {5 ~ vg/Ag as a new lattice constant (new ultraviolet cutoff) and being interested in the
infrared asymptotics |r| > £g, we can replace in (44) n”(r1) by n”(r). The integral

[0 NN O)s "
~ —(0/55 3/4/ dp p\/Es/p e PIES ~ (Es/ao)®™.

ap 0

So the first-order low-energy projection of the staggered magnetization is proportional to

1/4
A (&s
Np(r) ~ — [ = n”(r). 46
0~ 4 (£) ()
This result clarifies the essence of the hybridization effect: close to the Gaussian criticality the spin fluctuations
acquire a finite spectral weight in the low-energy region, w <« Ag, ¢ ~ 7, which is contributed by orbital fluctuations
and can be probed in magnetic inelastic neutron scattering experiments and NMR measurements.

Away from but close to the Gaussian criticality the behavior of the dynamical spin susceptibility Smy(q,w) is
determined by the excitation spectrum of the sine-Gordon model for the dual field, Eq.(36). Since K > 1, it consists
of kinks, antikinks carrying the mass M1, and their bound states (breathers) with masses (see e.g. Ref. 27)

M; = 2Mo, sin(mj/2v),
j=1,2,..v—1, v=2K -1 (47)

Since K — 1 = 2g is small, there will be only the first breather in the spectrum, with mass M; = 2M,(1 — 272g?).
The sine-Gordon model is integrable, and the asymptotics of its correlation functions in the massive regime have been
calculated using the form-factor approach (see for a recent review 35). Here we utilize some of the known results. At
A < A the operator n” ~ sin /7O has a nonzero matrix element between the vacuum and the first breather state.
This form-factor contributes to a coherent peak in the dynamical spin susceptibility at frequencies much smaller than
than the Haldane gap:

SImx(q,w, T =0) = AN Ag)?5[w? — (¢ — 7)*v* — M7
+ %mXCont (q= w, T = 0) (48)
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Here A is a constant and the second term is the contribution of a multi-kink continuum of states with a threshold at
w = 2My1,. At A > A, the spectral properties of the operator cos /7© coincide with those of the operator sin /7O
at A < A.. For symmetry reasons®, this operator does not couple to the first breather, so that at A > \. Smyx(q,w)
will only display the kink-antikink scattering continuum.

We see that, due to spin-orbit hybridization effects, the spin sector of our model loses the properties of a spin
liquid already in a noncritical orbital regime. This tendency gets strongly enhanced at the orbital Gaussian criticality
(Mo, — 0) where all multi-particle processes merge, and the spin correlation function exhibits an algebraically
decaying asymptotics

() ~ (pmNa) ~ (o) (4)* (49)

implying that the spin sector of the model becomes reminiscent of Tomonaga-Luttinger liquid. In this limit (here for
simplicity we consider the 7' = 0 case) the dynamical spin susceptibility is given by>*

Smx(q,w, T = 0) ~ (A\/Ag)? [w2 —v%(q — 71')2] ak 1 ) (50)

The NMR relaxation rate probes the spectrum of local spin fluctuations

1 2 . 1 zz

where A is an effective hyperfine constant. In spin-liquid regime of an isolated spin-1 chain, the existence of a Haldane
gap makes 1/7} exponentially suppressed®: 1/T} ~ exp(—2Ag/T). The admixture of low-energy orbital states in the
spin-fluctuation spectrum drastically changed this result. A simple power counting argument3” leads to a power-law
temperature dependence of the NMR relaxation rate:

2
Til ~ A2 (Ai) Tar 1 (51)

This result is valid not only exactly at the Gaussian criticality but also in its vicinity provided that the temperature
is larger than the orbital mass gap. By construction (see the preceding section) K > 1. This means that the exponent
1/2K — 1 is negative and the NMR relaxation rate increases on lowering the temperature. It is worth noticing that
such regimes are not unusual for Tomonaga-Luttinger phases of frustrated spin-1/2 ladders.?® For our model, such
behavior of 1/} would be a strong indication of an extremely quantum nature of the collective orbital excitations.?”

VI. BEHAVIOR IN A MAGNETIC FIELD: QUANTUM ISING TRANSITION IN ORBITAL SECTOR

We have seen in Sec.III that, due to spin-orbit coupling, the Néel ordering of the spins is accompanied by the
emergence of quantum effects in the orbital sector: the classical orbital Ising chain transforms to a quantum one. In
this section we briefly comment on a similar situation that can arise upon application of a uniform external magnetic

field h.

Since the spin-1 chain is massive, it will acquire a finite ground-state magnetization (S*) only when the magnetic
field, h, is higher than the critical value h.; ~ Ag, corresponding to the commensurate-incommensurate (C-IC)
transition. According to the definition (5), a uniform magnetic field along the z-axis, Hmag = —hI?, mixes up a pair
of Majorana fields, £ and €2, and splits the spectrum of S* = +1 excitations (the S = 0 modes are unaffected by
the field). At h = h. the gap in the spectrum of the S% = 1 excitations closes, and at h > h. these modes condense
giving rise to a finite magnetization. Once (S*) # 0, the effective Hamiltonian of the 7-chain becomes

Hy=J.) mimig — A 18 Ar = \S%). (52)

Here we ignore the fluctuation term that couples 77 to AS? = SZ — (S7).

One should keep in mind that there exists the second C-IC transition at a higher field h.o associated with full
polarization of the spin-1 chain. To simplify further analysis, let us assume that the range of magnetic fields h. <
h < he2, where an isolated spin-1 chain has an incommensurate, gapless ground state, is sufficiently broad. This can
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be easily achieved in the biquadratic model (3) with 8 ~ 1, in which case the Haldane gap — and hence h.; — is small,
and the effects associated with the second C-IC transition can be neglected.

Now, by increasing the magnetic field h in the region h > h.1, the effective orbital chain (52) can be driven to an
Ising criticality. The induced transverse “magnetic field” A, is proportional to a nonzero magnetization of the spin-1
chain. If \/J; is large enough, then upon increasing the field the effective quantum Ising chain (52) can reach the
point A, (h*) = J; where the Ising transition occurs. This will happen at some field h = h* > h.. In the region
|h — h*|/h* < 1 the quantum Ising 7-chain will be slightly off-critical. Due to the SO coupling, these massive orbital
excitations will interact with the gapless S* = +1 spin modes. However, this interaction can only give rise to the
orbital mass renormalization (i.e. a small shift of the Ising critical point) and a group velocity renormalization of the
spin-doublet modes. For this reason we do not expect the aforementioned spin-orbital fluctuation term to cause any
qualitative changes.

The above discussion reveals an interesting fact: a sufficiently strong magnetic field acting on the spin degrees
of freedom can affect the orbital structure of the chain and drive it to a quantum Ising transition. The difference
with the situation discussed in Sec.III is that the external magnetic field induces a uniform spin polarization which,
in turn, gives rise to a uniform transverse orbital ordering (7¥) # 0. Thus, the classical long-range orbital order
(t7) = (=1)"n*, present at h < h*, disappears in the region h > h*, where the orbital degrees of freedom are
characterized by a transverse ferromagnetic polarization, (7%) # 0.

VII. CONCLUSION AND DISCUSSION

In this paper, we have proposed and analyzed a 1D spin-orbital model in which a spin-1 Haldane chain is locally
coupled to an orbital Ising chain by an on-site term A 7%S* originating from relativistic spin-orbit (SO) interaction.
The SO term not only introduces anisotropy to the spin sector, but also gives quantum dynamics to the orbital degrees
of freedom. We approach this problem from well defined limits where either the spin or the orbital sector is strongly
gapped and becomes a ‘fast’ subsystem which can be integrated out. By analyzing the resultant effective action of
the remaining ‘slow’ degrees of freedom, we have identified the stable massive and critical phases of the model which
are summarized in a schematic phase diagram shown in Fig. 1.

In the limit dominated by a large orbital gap, i.e. J, > Ag, integrating out the orbital variables gives rise to an
easy-axis spin anisotropy D(S5%)? where D ~ —\2/J,. As ) increases, the disordered Haldane spin liquid undergoes
an Ising transition into a magnetically ordered Néel state. The presence of antiferromagnetic spin order ¢ in the Néel
phase in turn generates an effective transverse field h ~ A( acting on the orbital Ising variables. The orbital sector
which is described by the Hamiltonian of a quantum Ising chain reaches criticality when h = .J.. In between the two
Ising critical points lies an intermediate phase (phase II in Fig. 1) where both Ising order parameters n* and n* are
nonzero. Such a two-stage ordering scenario illustrated by path 1 in the phase diagram (Fig. 1) has been confirmed
numerically by recent DMRG calculations.?? Interestingly, the orbital Ising transition can also be induced by applying
a magnetic field to the spin sector. As the field strength is greater than the Haldane gap, a field-induced magnon
condensation results in a finite magnetization density (S*) in the linear chain. Thanks to the SO coupling, the orbital
sector again acquires a transverse field h ~ A\(S%) and becomes critical when h = J,.

A distinct scenario of the orbital reorientation transition n* — 7n® occurs in the opposite limit Ag > J.. This
time we integrate out the fast spin subsystem and obtain a perturbed spin-1/2 XY Hamiltonian for the orbital sector.
The effective exchange constants are given by J, ~ A\?/Ag and .J, = J,. As X is varied, the orbital sector reaches a
Gaussian critical point when J, = J,, at which the system acquires an emergent U(1) symmetry. The orbital order
parameter goes directly from 1 = (0,0,7*) to (n*,0,0) in this single-transition scenario (illustrated by path 2 in
Fig. 1). Both order parameters n* and n* vanish at the critical point. We have shown that spin-orbital hybridization
effects near the Gaussian transition lead to the appearance of a non-zero spectral weight of the staggered spin density
well below the Haldane gap — the effect which can be detected by inelastic neutron scattering experiments and NMR,
measurements.

The stability analysis of the orbital Gaussian criticality in the original lattice model (1), done in Appendix B, has
shown that this critical regime is protected by the 7% — —7% symmetry of the underlying microscopic model. This
symmetry will be broken in the presence of an orbital field ¢ ) 77 which removes degeneracy between the local
orbitals d., and d,. and adds a "magnetic” field along the y-axis in the effective XY model (32). Such perturbation
will drive the orbital sector away from the Gaussian criticality. The same argument applies to a perturbation with
the structure 83", SZ77 which also breaks the aforementioned symmetry. Integrating over the spins will generate an
extra term ~ A3 (tE7Y, | + 7¥77,,) which, in the continuum limit, translates to A\3sin47©. As explained in
Appendix B, such perturbation will keep the orbital sector gapped with coexisting n* and n* orderings.
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Since the analysis presented in this paper is done in the limiting cases, precise predictions on the detailed shape of
the phase diagram or on the behavior of correlation functions in the regime of strong hybridization of spin and orbital
degrees of freedom, where all interactions included in the model are of the same order, are beyond our reach and
require further numerical calculations. On the other hand, the continuity and scaling analysis allow us to believe that
the global topology of the phase diagram and character of critical lines are given correctly. Finally the spin-orbital
model Eq. (1) can be generalized to the zigzag geometrical where two parallel spin-1 chains are coupled to a zigzag
Ising orbital chain via on-site SO interaction. The zigzag case is closely related to the quasi-1D compound CaVy0y.
While the two-Ising-transitions scenario is expected to hold in the J, > Ag regime, the counterpart of Gaussian
criticality in the zigzag chain remains to be explored and will be left for future study.
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Appendix A: Ising correlation function

In this Appendix we estimate the correlation function T'*Z (1) = (72 (7)7Z(0)), where the averaging is performed

over the ground state of the Ising Hamiltonian H, = J. Y 7777, 1, and 7} (1) = e Hrre=TH:

It proves useful to make a duality transformation:
TaTot1 = M To = Kl -
The new set of Pauli matrices i represents disorder operators. The Hamiltonian and correlation function become:
H— J. Y ub, (A1)
n

Lo (1) = (g (7)1 (T) 117, (0) 1 (0)). (A2)

The most important fact about the dual representation is the additive, single-spin structure of the Hamiltonian: the
latter describes noninteracting spins in an external “magnetic field” J.. Notice that by symmetry (%) = 0. Therefore
the correlation function in (A2) has an ultralocal structure:

Do (T) = 8amY2(7), V(1) = (i (T)1i5,(0)). (A3)
The time-dependence of the disorder operator can be explicitly computed,
pE (1) = eI pZ eI = 12 cosh(2.,7) — ipd sinh(2.J,7).
Therefore (below we assume that 7 > 77)

Y(r—171') = cosh2J.(r —7') + (") sinh 2] (7 — ')
exp|[—2|J;|(T — 7')]. (A4)

Here we used the fact that, in the ground state the Hamiltonian H,, (u*) = —sgn J.. Thus, as expected for the 1D
Ising model, the correlation function T'*Z (1) is local in real space and decays exponentially with 7:

TI% (1) = Spmexp (—4J L |7]) . (A5)



15
Appendix B: Perturbed XY chain, Eq. (32)

In this Appendix we analyze the perturbation (33) to the XY spin chain (32) and show that at the XX point it
represents a marginal perturbation which transforms the free-fermion regime to a Gaussian criticality describing a
Luttinger-liquid behavior of the orbital degrees of freedom.

Using the Jordan-Wigner transformation (34) we rewrite (33) as H. = H{ + H}, where
1

H 5 ;(QL&H+2 + h.c.)(alerlanJrl — 5), (B1)
JL(2 1
Hé = 2( ) Z(QLQLJFQ + h.c.)(al+1azn+l — 5) (B2)

n

Assuming that |J, — J,|,J. < Jy + J,, we pass to a continuum description of the XY chain in terms of chiral,
right (R) and left (L), fermionic fields based on the decomposition (to simplify notations we set here ay = 1):
an — (—1)"R(x) +i"L(x). Then the Hamiltonian density of the XY model takes the form:

Hxy(z) = —iv (R0, R — L9, L) — 2iy (R'L" — h.c.),
(B3)

where vy = J, — J,. Standard rules of Abelian bosonization? transform (B3) to a quantum sine-Gordon model:
2
Hyy (z) = g [HQ n (am)ﬂ + Y cos Vamo, (B4)
T

where v = 2(J, + Jy)ap is the Fermi velocity, II(z) = 0,0(z) is the momentum conjugate to the scalar field ®(z) =
Dr(x)+Pr(z), and O(x) = —Pr(x)+ P (x) is the field dual to ®(z). Here g 1 (x) are chiral components of the scalar
field. Using the fact that the fermions are spinless, one can impose the condition [P (z), @1 (2")] = i/4 and thus make
sure that the bosonization rules correctly reproduce the anticommutation relations { R(z), L(z')} = {R(x), LT (2')} =
0. An explicit introduction of the so-called Klein factors becomes necessary when bosonizing fermions with an internal
degree of freedom, such as spin 1/2, chain index etc, which is not the case here.

Let is find the structure of the perturbation (33) in the continuum limit. First of all we notice that

al+1an+1 —-1/2= - al+1an+1 :
- (GR'R:+:L'L:)+ (=1)""Y(RTL + L'R)
1 -1n"
=—0,P+ (=1 sin V4r®. (B5)

LS T
Similarly

alan+2 + h.c.
— —2[CR'R:+:L'L:)+ (-1)"(R'L + L'R)]

%8& - (;2" sin \/E@} . (B6)

Dropping Umklapp processes R (z)R(x + a)L(z + a)L(x) + h.c. ~ cosV/167® as strongly irrelevant (with scaling
dimension 4) at the X X criticality and ignoring interaction of the fermions in the vicinity of the same Fermi point,
we find that

=-2

(ahanya +hc)(ah i ani1 —1/2)

smooth

— —8:R'R = L'L =2 [II? — (9,®)?] . (B7)

We see that the perturbation H] generates a marginal four-fermion interaction to the free-fermion model (B3), thus
transforming the model (32) to an XYZ model with a weak ferromagnetic (zz)-coupling. This interaction can be
incorporated into the Gaussian part of the bosonic theory (B4) by changing the compactification radius of the field
d:

H = Hxy +H;
L
K

g KT 4+ = (0,8)%] — 22 cos varo. (BS)
yixes
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Here u is the renormalized velocity and K is the interaction constant which at J, < (J, + J,) is given by K =
1+2g + O(g?), where g = J.(2)ap/mv < 1.

Now we turn to Hj. We have:

aLaIHQ + h.c. (B9)
— — [RY(2)LT(z + @) + LT(z) R (z + ) + h.c.]
+(=1)" [RY(2)RY(z + a) + LT (2) LT (z + o) + h.c] .

Bosonizing the smooth term in the r.h.s. of (B10) one obtains 9, cos v47O. Bosonizing the staggered term yields
sin V47 ® cos v4mO. Using the OPE

sin V4r®(x) sin VAP (z + «)
1
= const — 1a?(9,®)? — 5 cos V167,

we find that, in the continuum limit, the Hamiltonian density H} is contributed by the operators cos V47O and
(0,®)? cos /47O (as before, we drop corrections related to Umklapp processes). The former leads to a small additive
renormalization of the fermionic mass v and thus produces a shift of the critical point. The latter represents an
irrelevant perturbation (with scaling dimension 3) at the XX criticality. In a noncritical regime it renormalizes the
mass and four-fermion coupling constant g.

Considering the structure of the remaining terms in the expansion (31) one arrives at similar conclusions. Here a
remark is in order. The only dangerous perturbation which would dramatically affect the above picture is sin v/47O.
The presence of two nonlinear terms in the Hamiltonian, v cos V47O + § sin /4710, would make the fermionic mass
equal to /(A — Ac)?2 + 2. The Gaussian criticality in this case would never be reached, the model would always
remain massive, and nonzero staggered pseudospin densities, n* and n”, would coexist in the whole parameter range
of the model.

Fortunately, the appearance of the operator sin /470 is forbidden by symmetry. The initial Hamiltonian (1) is
invariant under global pseudospin inversion In the z-component only: 77 — —77. After rotation 72 — 7Y this
translates to 7¥ — —7Y. Using the bosonized expressions (39) for the staggered pseudospin densities we find that the
corresponding transformation of the dual field is © — /7 — © and so the bosonized Hamiltonian density must be
invariant under this transfomation. This explains why the operator sin v/47© cannot appear in the effective continuum
theory.
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In the most general setting, there will be a contribution to the NMR relaxation rate coming directly from the orbital sector
originated from coupling of the nuclear spin to the electronic orbital angular momentum. This term is non-local, and will
enter integration over momentum with some ¢-dependent form-factor. However, since the integration with some weight
makes a singular function less singular, the contribution of the local coupling of the nuclear spin to the electron spin density
considered in the paper will remain dominant contribution to the NMR relaxation rate.



