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We discuss spin—% one-dimensional (1D) and quasi-1D magnets with competing ferromagnetic nearest-
neighbor J; and antiferromagnetic next-nearest-neighbor J exchange interactions in a strong magnetic field
H. 1t is well known that, due to attraction between magnons, quantum phase transitions (QPTs) take place at
H = H; from the fully polarized phase to the nematic phase if J > |J;|/4. Such a transition at J > 0.368]|J;|
is characterized by a softening of the two-magnon bound-state spectrum. Using a bond-operator formalism we
propose a bosonic representation of the spin Hamiltonian containing, aside from bosons describing one-magnon
spin-1 excitations, a boson describing spin-2 excitations whose spectrum coincides at H > H; with the
two-magnon bound-state spectrum obtained before. The presence of the bosonic mode in the theory that softens
at H = H, makes the QPT consideration substantially standard. In the 1D case at H < H,, we find an expression
for the magnetization which well describes existing numerical data. Expressions for spin correlators are obtained
which coincide with those derived before, either in the limiting case of J 3> |J;| or using a phenomenological
theory. In quasi-1D magnets, we find that the boundary in the H-T plane between the fully polarized and the
nematic phases is given by H(0) — H,(T) o« T*?. Simple expressions are obtained in the nematic phase for
static spin correlators, spectra of magnons and the soft mode, magnetization, and the nematic order parameter. All
static two-spin correlation functions are short ranged with the correlation length proportional to 1/ In(1 + |J;|/J).
Dynamical spin susceptibilities are discussed and it is shown that the soft mode can be observed experimentally

in the longitudinal channel.
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I. INTRODUCTION

Spin nematic states with multiple-spin ordering and without
the conventional long-range magnetic order have attracted
much attention in recent years. Two-spin nematic order
can be generally described by the tensor! Qj’f = (S?Sf ) —

30 (S;S;)/3. The antisymmetric part of Q‘;‘f is related to the

vector chirality (S; x S;). The formation of the vector chiral
spin liquid was anticipated a long time ago in two-dimensional
(2D) frustrated spin systems.? Such states have been obtained
recently in a ring-exchange spin—% model at T = 0° and in
classical frustrated spin systems at 7 # 0.* The symmetric
part of Q‘;’f describes a quadrupolar order. In this instance one
distinguishes the cases of j =/ and j # [. It has been known
for a long time that the one-site (j = /) nematic state can
be stabilized by the sufficiently strong biquadratic exchange
(S1S,)? The interest in this mechanism of multiple-spin
ordering stabilization has been revived recently in connection
with experiments on cold-atom gases® and on the disordered
spin system NiGa,S,.’

While the one-site quadrupolar ordering can exist only for
S > 1, the different-site one (j # /) can be found even in
spin-% systems. In particular, different-site nematic phases
have been discussed recently in (quasi-) one-dimensional
(1D),%2% 2D,?3-?7 and three-dimensional (3D)?® systems with
competing ferro- and antiferromagnetic exchange couplings
between neighboring and next-neighboring spins, respectively.
The (quasi-) 1D magnet of this kind is described by the
Hamiltonian

H=) (=8;S;1+JS;Sj) = HY Si+H, (1)
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where we set the ferromagnetic exchange coupling constant
between neighboring spins to be equal to —1 and H’ describes
an interchain interaction that is also taken into account in
the present paper [see Fig. 1(a)]. As the field direction can
be arbitrary, we direct the field perpendicular to chains for
simplicity. The interest in model (1) is stimulated also by
recent experiments on the corresponding quasi-1D materi-
als LiCuVO4,29’33 szCu2M03012,34 LiQZrCuO4,35 CUC12,36
PbCuSO4(0OH),,3” LiCuSbOy,,*® and some others.

It has been found recently that the physics of spin-% model
(1) with H' =0 is even richer: field-driven transitions to
phases with quasi-long-range multiple-spin ordering have been
obtained below the saturation field H; and are described by
operators Sji Sﬁr, e SjiJr »—1 With p =2 (quadrupolar phase)
atJ > 0.368, p = 3 (hexapolar phase) at 0.284 < J < 0.368,
and p = 4 (octupolar phase) at 0.259 < J < 0.284.'>1¢ Finite
interchain interaction H’ stabilizes the long-range nematic
order at T =0 but quite a small nonfrustrated H’' turns
the point H = H; into an ordinary quantum critical point
separating the fully polarized phase and that with a long-range
magnetic order.!”18:21:22

It is well known that the origin of the nematic phases is
the attraction between magnons caused by frustration.® As
a result of this attraction, the bottom of the one-magnon
band lies above the lowest multimagnon bound state at
H = H; [see, e.g., Fig. 2(a)]. Then, transitions to nematic
phases are characterized by a softening of the multimagnon
bound-state spectrum rather than the one-magnon spectrum.
As a consequence, new approaches are required to describe
such transitions.

Properties of model (1) are well-understood in the fully
polarized state at H > H. Wave functions of the multimagnon
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(a)

FIG. 1. (Color online) (a) Quasi-1D frustrated magnet described
by Hamiltonian (1). It is implied that interchain interactions J; and J,
are small compared to those inside chains. The approach suggested
in the present paper is based on the unit cell doubling along the chain
direction that is shown in panel (b).

bound states can be represented as linear combinations of
functions S; 'S, - Si; |0), where |0) is the vacuum state at
which all spins have the maximum projection on the field
direction, and the spectrum can be found numerically from
the corresponding equations.'®*° An approach is suggested in
Ref. 17 that allows one to map the system at H > H; to a tight-
binding impurity problem. In particular, it allows authors to
obtain analytical expressions for the two-magnon bound-state
spectrum and to show that it is quadratic at J > 0.375 near its
minimum located at k = v /d, where d is the distance between
neighboring spins [see Fig. 2(a)].

Transitions to nematic spin liquid phases in the purely 1D
spin—% model are discussed using the bosonization technique
in the limit J > 1 and using a phenomenological approach
at arbitrary J > 1/4.97111316 According to the latter method
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the transition is equivalent to that in a 1D hard-core Bose gas
with the following correspondence between the bosonic oper-

S = (D M
and b}b,- = (1/2 — S7)/p. Results of the phenomenological
approach agree with those of the bosonization method in
the region of its validity J 3> 1 and show, in particular,
an algebraic decay of static spin correlators (SfS;) and

ators b; and spins: b} = (—1)'S7 S}, -

(M )M;p )} in nematic phases and an exponential decay of

(S+ S;7). Although many predictions of the phenomenological
theory are confirmed by numerical calculations, the corre-
sponding microscopic analytical calculations based on the spin
Hamiltonian are also desirable at J ~ 1.

It is well known that the behavior of quasi-1D systems
differs significantly at low T from that of purely 1D systems.
Then, a special approach for a quasi-1D model (1) at
T = 0 has been suggested recently.”! The wave function of
the ground state in the quadrupolar phase is proposed in
a form that resembles the BCS pairing wave function of
electrons in superconductors. Using this approach authors
have calculated static spin correlators and found that, in
contrast to the purely 1D case, (S} S?) decays exponentially
and the system has a long-range nematic “antiferromagnetic”
order. The magnetization of LiCuVOy4 at H < H; measured
in Ref. 30 is also described successfully in Ref. 21. How-
ever, many dynamical properties as well as the temperature
effect have not been considered yet in the quasi-1D case
that leaves room for further theoretical discussion in this
field.

We suggest an approach in the present paper that allows
us to perform a quantitative microscopic consideration of the
quadrupolar phase at T > 0 and H ~ H; both in a purely 1D
and quasi-1D spin-% model (1). This approach is based on the
unit cell doubling along the chain direction that is shown in
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FIG. 2. (Color online) (a) Spectra of one-magnon excitations and two-magnon bound states are shown at H = H, as they were found
before at J > 0.375 for an isolated chain described by Hamiltonian (1) (the particular curves drawn are for J = 1). The distance between two
neighboring spins in the chain is equal to d. Dashed lines are for the parts of the bound-state spectrum which lie in the two-magnon continuum.
The first Brillouin zone (BZ) [—7n/2d, m/2d] is marked after the unit cell doubling that is drawn in Fig. 1(b). The result of the reduction to this
BZ is presented in panel (b). Within the approach suggested in the present paper, spectra of spin-1 excitations described by «- and S-particles
[see Egs. (6)—(12)] are two parts of the one-magnon spectrum shown in panel (a), whereas the spectrum of a particles (spin-2 excitations)
coincides with the low-energy part of the two-magnon bound-state spectrum.
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Fig. 1(b) and on a representation of two spin operators in each
unit cell via three bosons. This representation resembles those
proposed for dimer spin-% systems.***? Two of these bosons
describe one-magnon (spin-1) modes while the third one
describes spin-2 excitations (see Fig. 2), which are referred to
as a particles below. We demonstrate that the spectrum of a par-
ticles coincides at H > H, with the spectrum of two-magnon
bound states calculated before by other methods.®!”-!® Then, it
is the main advantage of our approach that it contains a boson
whose spectrum becomes “soft” as a result of the transition
to the nematic phase. This circumstance makes relatively
simple and quite standard the quantitative discussion of the
transition.

It should be noted at once that the procedure of unit-cell
doubling is arbitrary (there are two ways for neighboring spins
to group into couples) and it breaks the initial translational
symmetry. However, it does not play a role in our consideration
because all the physical results are obtained in the present
paper either exactly or using perturbation theories with
“good” small parameters. As a consequence, the translational
symmetry is restored in our results at H > Hy, it turns out
to be broken at H < H, in accordance with conclusions of
previous considerations and all the physical results obtained
at H < H, do not depend on the way of spins grouping into
couples.

By using our approach, we confirm the hypothesis proposed
in Ref. 16 that the transition in an isolated chain to the
quadrupolar phase is equivalent in many respects to that in 1D
systems of hard-core bosons. We rederive many of the results
for the isolated chain obtained in Refs. 9—11, 13, and 16. As an
extension of the previous discussion, we derive an expression
for the magnetization that well describes available numerical
data at H ~ H;.

In quasi-1D systems, we find that the boundary in the
H-T plane between the fully polarized and the quadrupolar
phases is given by H,(0) — H,(T) o< T3/%. Simple expressions
are obtained for static spin correlators, spectra of magnons
and the soft mode, magnetization, and the nematic order
parameter. We obtain an “antiferromagnetic” nematic long-
range order along the chains in accordance with Refs. 8 and 21.
All the static two-spin correlators decay exponentially with
the correlation length proportional to 1/1In(1 + 1/J). This
exponential decay results in broad peaks in the transverse
structure factor with the period along chains equal to 7 /d
rather than 27 /d. Dynamical spin susceptibilities xqs(w,q)
are discussed, where o, 8 = x, y, z. It is shown that . (w,q)
has sharp peaks at w equal to energies of a particles.
Thus, the soft mode can be observed experimentally in the
longitudinal channel. There are sharp peaks at w corresponding
to energies of magnons in transverse components of the
dynamical spin susceptibility (in accordance with predictions
of Ref. 21). An application is discussed of the proposed
theory to LiCuVOy. Our results are in reasonable agreement
with available experimental data for magnetization in this
compound.

The rest of the present paper is organized as follows: We
describe in detail our approach in Sec. II. Properties of an
isolated chain are discussed in Sec. III. Quasi-1D systems
at H > H, and H < H; are considered in Secs. IV and V,
respectively. Sec. VI contains a summary of our results and
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a conclusion. Some details of calculations and the model
describing LiCuVOy, are discussed in appendices.

II. APPROACH

A. Spin representation

‘We start with an isolated chain at H > H,. To describe its
properties in the fully polarized state and the quantum phase
transition we suggest to double the unit cell, as shown in
Fig. 1(b). Then, there are two spins, S;; and S,;, in jth unit
cell. To take into account all spin degrees of freedom in each
unit cell we introduce three Bose operators a}, bj, and c;,
which create three spin states from the vacuum |0) as follows:

10) = M),
atlo) = 44),

! 2
bH0) = [11),
ch10) = 111),

where all spins have the maximum projection on the field

direction at the state |0). One leads to the following spin
representation via these Bose operators:

T T I

Slj = bjaj +cj, S2

j=chaj +bj,
- T T — T T
S;;=a;bj+c;, S2j:aj'.cj+bj, 3)

: _ 1t i z _ 1
Sij =3 —aja;—ccj, 5, =3

T T
j b —ajaj—bjbj.

Itis easy to verify that Egs. (3) reproduce spin commutation
relations on the physical subspace (which consists of states
with no more than one particle a, b, or ¢ in each unit
cell) of the Hilbert space and S? ;= S3 ; = 3/4. In order to
eliminate contributions to physical quantities from unphysical
states, one can introduce into Egs. (3) the projector operator
1- a;a = bjb = c}cj or add to the Hamiltonian a term
describing infinite repulsion between particles in each unit
cell:

U Z(a;ajajaj + b}bjbjbj + cjcjcjcj + ajb;ajbj
J

+a;cjajcj +bjc;bjcj), U — o00. (4)

Both methods should lead to the same results at small T (see,
e.g., Ref. 43) and we choose the last one in the present paper.

Representation (2)—(4) is an analog of the bond-operator
representation suggested in Ref. 40 and applied to systems with
singlet (“dimerized”) ground states. In principle, Eqs. (2)—(4)
can be derived from Ref. 40, implying that |11) is the ground
state, as done, for example, in Ref. 42 for the singlet ground
state.

B. Hamiltonian transformation

Substituting Egs. (3) into Hamiltonian (1) with H’ = 0 and
taking into account constraint (4), one obtains

H=2~&E + Hy+ Hz + Ha, 5)
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where & is a constant,
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My =Y leaajax + Ex(biby + clew) + Bucibi + Biblexl, (6)
k
Hz = L Z [—%(eik‘ + e"kz)cJ{c;a_3 - }‘(ef"k' + eiikz)bib;a% + %(]1 + Jz)bic;a_3
\/N k;+k,+k;=0
_ l iks ikyy 1 _ 1 —ik, —ikzy 1 l T
4(6 +eajc_rc 3 4(6 +e "P)ab_rb_3 + 2(12 + J3)ab_rc_s |, (7
1

Hy = —
ki +ky+k3+ky=0

) 1
Z |:(U + Ji3 — e'(k‘+k3))a1a;a_3a_4 + <U + §J1+3>(bib£b_3b_4 + CIC;C_3C_4)

1 . 1 . .
+ (U + Jig3 + §J1+4 — e’(kﬁk-‘))aic;a__gc_z; + (U + Ji3 + §J|+4 — e’(k‘+k3)>a1b;a_3b_4

+ (U - e—i(k1+k3))b1;c;b_30_4 . %e—i(kz-&-kga]‘

where Kk is the one-dimensional momentum here, Jx =
2Jcosk,weset2d =1,¢,0=2H+1—Jy, Ex=H +1—
(Jo — Jx)/2, By = —e'%12 cos %, N is the number of unit cells
(that is, half the number of spins in the lattice), and we omit
some indices k in Egs. (7) and (8).

After the unitary transformation

1 . 1 .
ek = —=e M Hak + i), bk = —=e B — ), (9)

V2 V2

the bilinear part of the Hamiltonian (6) acquires the form

Hy =Y (eaayax + ex(Rafor + esK)BLA).  (10)
k

where

k
ea(k):H+l—J+Jcosk+cos§, (11)

k
eﬂ(k):H—i—]—J—i—Jcosk—cosE. (12)

Equations (11) and (12) represent two branches of the one-
magnon spectrum which result from the unit-cell doubling,
as shown in Fig. 2. The lower branch €g(k) has minima at
k = (£0Q,0,0), where
(0] 1

cos = = = (13)
near which eg(k) is quadratic. As demonstrated below, the
one-magnon branches are not renormalized at H > H within
our approach and Egs. (11) and (12) reproduce the one-magnon
spectrum of the model (1) obtained before®?! (remember that,
in our notation, the distance between neighboring spins is equal
to 1/2). In particular, one has from Eq. (12) for the field value
at which the one-magnon spectrum becomes unstable:

1
H =2J-14+—. 14
i (14
In contrast to b and ¢ particles (or o and B particles), a
particles are of the two-magnon nature [see Egs. (2)]. It is one
of the main findings of the present paper that their spectrum,
derived below, coincides at H > H; with the low-energy part

1 .
c;a_3b_4 — Ee_’(k‘+k4)a}tb;a_3c_4i| , )

of the two-magnon bound-state spectrum obtained before by
using other approaches®!”!® (see Fig. 2).

C. Diagram technique

We find it more convenient not to use the unitary trans-
formation (9) in the following and to introduce four Green’s
functions:

Ga(k) = —i{ara}), (15)
Gy(k) = —i (bib}), (16)
Go(k) = —ilcrc)), (17)
F(k) = —i (bic)), (18)
F(k) = —i{cib)), (19)

where k = (w,Kk) and a; is the Fourier transform of ay(t).
Notice that a particles cannot transform to single b or ¢
particles due to the spin conservation law (a particles carry
spin 2 while b and c particles carry spin 1). That is why the
Dyson equation for G, (k) has the form G, (k) = G,o(k)[1 +
2.(k)G,(k)], where Gaok) = (w — €40 +i8)~" and e, is
defined in Eq. (6) and which gives

1

Goa(k) = .
®) 0 — €0 — Zalk) + i8

(20)

In contrast, b and ¢ particles can interconvert; which leads to
two couples of Dyson equations for G(k), F(k) and G.(k),
F (k). We obtain for one of them

Gy(k) = Gpo(k)[1 + Zp(k)Gp(k) + TI(K)F (k)]
F(k) = Goo([TI(k)Gy(k) + Z (k) F (k)]

Ehere Gpo(k) = Gok) = (w — Ex +i8)~", and Yp.c, I, and
IT are self-energy parts. The solution of the Dyson equations
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has the form

cmm=9—%%§ﬂ@, 22)
w— Ex — Xp(k)
Gtk = Sk, 23)
Foo = 20 iy = B0 24)
DK) DK)
Dk) = [w — Ex — Zpk) +id8][w — Ex — (k) +i6]
— T(k)TI(K). (25)

It should be noted that all poles of these Green’s functions
lie below the real axis. This circumstance gives a useful rule
of the diagram analysis at H > H;: if a diagram contains a
contour that can be walked around while moving by arrows
of the Green’s functions, integrals over frequencies in such
a diagram give zero (see, e.g., Ref. 44). Using this rule, one
concludes that there are no nonzero diagrams for ¥,(k), X (k)
and T1(k), TI(k) at H > H, which are determined solely by
bilinear part of the Hamiltonian (6):

p(k) = Ec(k) =0, (26)

(k) =TT (k) = B} = —e %/ cos g (27)
As aresult we have from Eqs. (25)—(27) D(k) = [ — €,(k) +
i8][w — eg(k) 4 i8], where €, g(k) are given by Egs. (11) and
(12). Another useful rule for the diagram analysis follows
from the spin conservation law. As the total spin carried by
all incoming particles must be equal to that of all outgoing
particles, one concludes immediately, for instance, that four-
particle vertices are zero with only one incoming or outgoing
a particle.

It is seen from Eq. (7) that the three-particle terms of
the Hamiltonian describe decay of a particles into two one-
magnon particles of b or ¢ types. They give rise to the only
nonzero diagrams for ¥, (k) at H > Hj, all of which are shown
in Fig. 3.

III. ISOLATED CHAIN

A. H>H,

To calculate X, (k) one has to find vertices I'1(q,k), I'2(q,k),
and I';(q,k) for which we obtain equations shown in Fig. 3(b).
The solution of these equations can be tried in the form

Ij(q.k) =u;k)+sjk)cosqg, j=1,.2, (28)
I'3(q,k) = us(k) + s3(k) cosg + iv(k)sing, (29)

where u;(k), u(k), and us(k), s1(k), s»(k), and s3(k), and v(k)
are real functions. After substitution of Egs. (28) and (29) into
the equations shown in Fig. 3(b), we obtain a set of seven
linear algebraic equations for u;(k), us(k), and us(k), s;(k),
s2(k), and s3(k), and v(k). The corresponding exact solution
is quite cumbersome for arbitrary k. However, it simplifies

PHYSICAL REVIEW B 86, 014423 (2012)
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FIG. 3. (Color online) (a) Diagrams for self-energy part X, (k)
of a particles at H > H;. It is implied that one should put Green’s
functions of b and ¢ particles G,(p), G.(p), F(p), and F(p) defined
by Egs. (16)—(19) instead of double dashed lines [there are 10 different
loop diagrams for ¥, (k)]. Triangles stand for renormalized vertices
for which we obtain equations presented in panel (b). Bare vertices
are defined by Eqs. (7) and (8).

greatly at k = 0 and one has at H = H;

n@m=nmm:—w¥§ (30)

1
3(q,00=2J — 1+ 7 + (1 +4+2J)cosqg +ising. (31)
These expressions are used below for the nematic phase
discussion. Substituting the general exact solution for the
vertices into expression for X,(k) shown in Fig. 3(a) leads
to the following expression for the spectrum of a particles at
k<1

1
«K)=2H +2—4] — —— + Dk?, 32
€ (k) + 1+J+ I (32)
32+ J)—1
= 33
I 16(1 + J)? (33)

which coincides (up to a factor of 1/4 in Dy due to the
unit-cell doubling) with the spectrum of the two-magnon
bound states obtained before within other approaches.®!”
Then, the condition D > 0 gives from Eq. (33) that the
minimum of the two-magnon bound-state spectrumis atk = 0
if J > 0.375, which is also in accordance with previous
numerical findings®'6 and analytical results.!” It is not difficult
within our approach to take into account also anisotropy in
Hamiltonian (1) of the form S7S7,, and §757,,. We omititin
the present consideration for simplicity. The reader is referred
to Ref. 17 for the corresponding expressions for two-magnon
bound-state spectra.

The condition €,(0) = 0 gives from Eq. (32) the saturation
field value for the isolated chain:

Hy =2J—1 (34)

1
+2+2]’

which is larger (if J > 1/3) than the field value (14) at which
the one-magnon spectrum becomes gapless. We find also for
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the Green’s function of a particles near the pole
Z
7 — 1+2J
A+ DHQRI2+2J+1)

Ga(w ~ €,(k).K) = (35)

(36)

These expressions are used in the subsequent calculations.

It should be noted that the bare completely flat spectrum of
a particles €, is renormalized greatly by quantum fluctuations
[see Eq. (32)]. Because this renormalization comes from
processes of a-particle decay into two one-magnon particles,
one concludes that a particle corresponds to a state that is a
superposition of the initial state with two neighboring flipped
spins and the great number of those with two flipped spins
sitting on sites which can be quite far from each other. It is
the structure of the wave function that is used in the standard
method of the bound-state analysis.*

B. H < H;

The instability of the a-particle spectrum (32) for H < H;
signifies the transition to the nematic phase. It is not the aim
of the present paper to discuss in detail the quadrupolar phase
in the isolated chain. But in view of the quadratic dispersion
of €,(k) at H = H, and gaps in spectra of o and g particles,
some results can be readily borrowed from the theory of 1D
Bose gases of real particles.*>*® In particular, one obtains

(aj:aj) = }11 /(Hs — H)/ D) by using exact results by Lieb and
Liniger®% at T = 0 and H ~ H,. Diagram analysis shows
that all poles of the Green’s functions G(k) and G (k) lie
below the real axis at H < H,; and only self-energy parts
acquire some corrections (as is shown below, this is not the case

in quasi-1D models due to the presence of the “condensate” of
a particles). Then, (b}b i) = (CT- c¢j) = 0 and one obtains from

Egs. (3) at H ~ H, ’

1 Z
5~ (s5)= (ala;) = 5 (37)

X
|
X

which is an extension of the previous isolated chain analysis.
As demonstrated in Fig. 4, Eq. (37) well describes available
numerical data'®!" within the range of its validity that

reads as (a;aj) < 1. Because Dy < H, at J > 0.375, the
magnetization decays quite rapidly upon the field decreasing
at H =~ Hg, which is also illustrated by Fig. 4.

Many results obtained before using other methods can be
confirmed (and extended somewhat) within our approach. In
particular, one obtains at H ~ H; from an expression for the

asymptotic of the correlator of densities in a 1D Bose gas:*

(82, (0830) ~ (53 — = ( S )
JAn\R J 7 \(n+iut)>  (n—iut)
cos (pn)
A oy

where n — oo, u = 4mpD), A, is aconstant, and p = (a;aj)
is given by Eq. (37). Equation (38) coincides in the limit
H — H, with the corresponding expression derived in Refs. 9,
10, and 16 using the bosonization technique (J >> 1) and the

phenomenological theory of multipolar phases. Our discussion
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FIG. 4. Magnetization of isolated chain with J = 0.5. Circles
are numerical data taken from Ref. 10 and the line is drawn using
Eqgs. (37), (33), and (34).

provides explicit expressions for the “sound velocity” u and
p in Eq. (38). Notice that spin-1 excitations do not contribute
to Eq. (38) due to the above-mentioned circumstance that all
poles of one-magnon Green’s functions lie below the real axis,
whereupon all integrals over energies in the corresponding
loop diagrams give zero at T = 0. Then, the asymptote of the
1D Bose gas “field correlator” gives for the nematic correlation
at H ~ H; and n — o0:

A

V2n ¥ iut|’
(39)

(S (ST (1)S5,(0)S5,,,(0)) = {ao(r)a}(0)) ~

where A, is a constant; that is, consistent at t = 0 with the
results of Refs. 10 and 13.

It is seen from Egs. (38) and (39) that static longitu-
dinal and nematic correlators decay algebraically with the
distance at 7 = 0. According to the exact results of
the 1D Bose gas theory,*® this algebraic decay changes into
the following exponential decay atsmall T: (S}, S7) ~ e e
and (SJSer;nS;nH) ~ e "2 where r. ~ u/(2n T). Spin-1
excitations give contributions decaying much faster at small T
due to gaps in their spectra.

To conclude our brief discussion of the isolated chain at
H < Hj, we confirm the long-standing expectation that bound
states of two magnons behave in many respects like hard-
core bosons. A more detailed consideration of the quadrupolar
phase in the isolated chain is complicated by the existence of
b and c particles.

IV. QUASI-ONE-DIMENSIONAL MAGNETS: H > H;

Let us take into account the interchain interaction. As
shown below and as found before,'”-'321:22 quite a small
nonfrustrating interaction between chains can destroy the
nematic phase and turn H = H; into an ordinary quantum
critical point at which the condensation takes the place of
one-magnon excitations. That is why we consider in the
present paper the interchain interaction as a perturbation. To
demonstrate the main ideas we discuss the simplest interaction
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of the form [see Fig. 1(a)]

! 1 / l / /
H = 5 %: J1mSiSm = 5 %:(J”msuslm + J1mS2Sm),

(40)

where the first sum is over the lattice sites and the second one
is over the doubled unit cells shown in Fig. 1(b). Substituting
Egs. (3) into Eq. (40) one obtains

H' = &)+ H5 + Hy + Hj, 41)

where 5(/) is a constant and

3 1 i
Hy=3Y" [_J;Oa;ak + 3 Uik = Ty + c.tck)] . (42)

k
1 .
Hy= —— [(Jl/k + )b{C;‘LS
2N K, +ky+k3=0 1 ’
+ (i, + I )ajb_ac_s], (43)

H, = T Tal
4= N 1k +k; A1928-30 -4
ki +ky+k3+ky=0

1 !
5 ik (bIbib_sb_y + clcle_sc_y)

l !
+ <J1/k1+kz + §J1k]+k4) 31036173674

/ 1 /
+ <Jlk|+k3 + §J1k,+k4> aibla_sb_4] , (44

where all vectors k have two nonzero components y and z [see
Fig. l(a)] and J{, = ", J{ e’ ) = 2J/(cosk, + cosk,).
Naturally, we will assume from now on that momenta k in
Egs. (6)—(8) are 3D vectors with the only nonzero component
x. It is easy to show that H; and H, do not lead to
renormalization of the one-magnon spectrum at H > H,.
Then, one obtains for the spectrum of J particles using
Egs. (12) and (42):

ke 1
eg(k) = H +1—J + Jcosk, — cos ?’C + 5(J{k — Jio)s
(45)

which has minima at k = (+Q,0,0) and k = (£Q,n,7) if
J{ < 0and J{ > 0, respectively, and Q is given by Eq. (13).
In contrast, 7} and H), renormalize the spectrum of a
particles €,(k). Considering H’ as a perturbation it is easy
to demonstrate that the only diagrams contributing to €,(k)
in the second order in J| are those presented in Fig. 5.
Straightforward calculations show that their contribution to

FIG. 5. (Color online) Diagrams for self-energy part of a particles
that give contributions of second order in the interchain interaction J{
at H > H,.Triangles stand for vertices which are calculated at J{ = 0
and for which one has equations presented in Fig. 3(b). Double dashed
lines represent the Green’s functions G, G, F, and 'F which are cal-
culated by taking into account also Eq. (42). Black dots stand for bare
vertices (43).
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€,(K) has the form

deq(kK) = —2D 1 (2 + cosky + cos k), (46)
A+ A +3J+3J%

D, = (J)? 47

L= TR @7)

Then, €,(k) has a minimum at k = (0,0,0) near which we
obtain, using Egs. (32) and (46),

1
WK)=2H +2 4] — ——
€a(k) + .

—J/y— 8Dy + Dyk* + D, k3, (48)

where D) is given by Eq. (33) and k is the projection of k
on the yz plane. It is seen from Eq. (48) that ¢, (k) is quadratic
at k <« 1. Notice also that the stiffness D, of a particles in
the yz plane is second order in J{. One finds from Egs. (45)
and (48) for the field values at which the spectra of g and a
particles become gapless [cf. Egs. (14) and (34)]:

| D D B
HC=2J—1+§+§|J10|+§J10’ (49)
1
Hy=2J—1 —J/y+4D,. 50
‘ +2+2J+210+ N (50)

The condition of the nematic phase existence (H; > H,) leads
from Eqs. (49) and (50) to the following inequality in the first
order in J|:
, 3J -1
[l < ————.
4J(J +1)

One concludes from Eq. (51) that |J{| should be much
smaller than unity in order that the nematic phase can arise.
Equations (45), (49), and (50) are in accordance with previous
results obtained within another approach.!”!® The reader is
referred to Ref. 18 for a more detailed discussion of the
influence of the interchain interaction on the considered
system at H > H;.

D

V. QUASI-ONE-DIMENSIONAL MAGNETS: H < H;

It is convenient to discuss the quantum phase transition at
H = H; in terms of Bose condensation of a particles that is
similar to condensation of magnons in ordinary magnets in a
strong magnetic field.*’

A. Condensation of a particles

According to the general scheme,**47

ay as follows at H < H,:
ag — ag + €"*/Np, (52)

one has to represent

where ¢ is an arbitrary phase and p is the “condensate” density.
New terms appear in the Hamiltonian after this transformation.
In particular, the largest terms in the ground-state energy have
the form §& = —(H, — H)p + I',(0)p?, where [, (k) is the
four-particle vertex of a particles at H = H;. An equation
for I';(k) can be represented in the form shown in Fig. 6(a).
Minimization of &, gives

H,— H

20,(0) -

Although the above formulas are standard,** the situation
is more complicated here. As shown in Fig. 6(a), one has

p= (53)
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(a) k 0 k. g 0
I, (k)= >:< - \(< " >©:<
-k o 7 -k - 0

k q

FIG. 6. (Color online) (a) Equation for four-particle vertex I', (k)
of a particles at H &~ H,. A sum of an infinite number of diagrams
which remain finite at k,¢ — 0 and J; — 0 plays the role of the
“bare” vertex y(k,q). Some diagrams for y (k,q) are also presented.
(b) Diagram giving the leading temperature correction to the normal
self-energy part of a particles. Same notation as in Fig. 3.

to consider an infinite set of diagrams to find I',(k) whose
sum y (k,q) plays the role of a “bare” vertex. These diagrams
remain finite at k, ¢ — 0, J{ — 0 because €, g(k) have gaps
at H = H; and J{ = 0. That is why one can set J =0 in
y(k,q). In contrast, the integral over ¢ diverges at J{ — 0
in the second term on the right-hand side of the equation for
I, (k) [see Fig. 6(a)]. Due to the smallness of J|, small g, are
important in the integral over g. As a result, one obtains using
Eq. (35) the following equation to leading order in J{: I',(0) =
y(0,0) — (0,0)7T,(0), which gives
v(0,0) 1

[(0) = W R T 54

z / dk ~ (.32 z > 1 (55
ey ) e® T /DiDL

where Dy, D, and Z are given by Eqs. (33), (47), and (36),
respectively, Eq. (46) has been used to take the integral in
Eq. (55), and we omit the unity in the denominator of Eq. (54)
due to the large value of 7. We remind the reader also that the
range of validity of Egs. (53)—(55) is defined by the inequality
oK1

According to the general theory of dilute Bose-gas
condensation,***-! the spectrum of a particles acquires a
linear part at small momenta k and has the form

€a(k) = Vea(k)(ea(K) + A), (56)

where A ~ p and €,(k) = Djk?> + D k3.

Thermal fluctuations can be taken into account quite
standardly.***%4° The leading contribution from them to §&
comes from the Hartree-Fock diagram shown in Fig. 6(b). As
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a result one obtains the following equation for the boundary
in the H-T plane between the fully polarized and the nematic
phasesat T < D, :

Z14(0) £(3/2)

D, /DH 273/2°

where I',(0) is given by Eq. (54), H,(0) is given by Eq. (50),
and ¢(3/2) ~ 2.61 is the Riemann ¢ function. Notice that at
small nonzero temperature one has to put H(T') given by
Eq. (57) instead of H in Eq. (53).

H,(0) — H(t) = T/? (57

B. One-magnon spectrum renormalization

Condensation of a particles (52) leads to terms in the
Hamiltonian which renormalize the one-magnon spectrum. In
particular, those coming from the three-particle vertices and
contributing to the bilinear part of the Hamiltonian (6) have
the form at H ~ H;

HG) [ Z

i ['1(q,0)(cqc—q + Dgb—q)

+e'T1(q,0)(cfecly + bibLy)

+e7T5(q,00bgc_q + €?T3(q.00b)c" 41,
(58)

where I'1(q,0) and I'3(q,0) are given by Egs. (30) and (31),
respectively, and we neglect the interchain interaction in the
sum. There are also terms of the form b};bq, cgcq, cjlbq, and
bgcq coming to H, from four-particle vertices a'b'ab, a'b'ac,
and a'clac. The analysis of these vertices which is similar to
that carried out above for I',(k), shows that contributions to
H, from them are of the order of p+/D/. Straightforward
calculations demonstrate that contribution from these terms to
the spectrum renormalization is negligible. Thus, we use only
Eq. (58) below in order to make formulas more compact.

To find the one-magnon spectrum renormalization we take
into account terms (58) in the Hamiltonian and introduce the
Green’s functions

Pk) = —i(b b)), Qk !
(k) i —k k> Q(k) = —i{c _kck) (59)

R(k) = —i(c' b)),

in addition to those given by Egs. (16)—(19). Then, one leads
to a set of four linear Dyson equations for G, P, R, and F that
is derived and solved in Appendix A. Analysis of the Green’s
functions denominator shows that the spectrum of 8 particles
can be represented in the vicinity of its minimum as

€s(k) = ,/e%(k) — pA, (60)

A=

(BJ — D{J[2 + J(19 4+ 8J{J[16J(3 + 4J) — 11] — 9})] — 1}

128741 + J)2(1 + 5J)

where eg(k) is given by Eq. (45), A >0 at J > 1/3, and
A=12/5atJ > 1.

(61)

As seen from Eq. (60), the spectrum of f particles becomes
unstable at a certain field value H. < H; that would signify a
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transition to a phase with a long-range magnetic order. While
the inequality p < 1 can hold at H = H,, the present discus-
sion is not applicable for this quantum phase transition analysis
because disappearance of the gap in the one-magnon spectrum
leads to a finite damping of a particles at all momenta. Besides,
diagrams contributing to y(k,q) contain infrared divergences
atk, g — 0if the one-magnon spectrum is gapless. As a result
the above analysis should be reconsidered at H ~ H., which
is out of the scope of the present paper.

It should be noted also that one-magnon excitations acquire
finite damping at H < H, stemming from loop diagrams. The
damping, however, is small at H &~ H, being of the order of
p (that is much smaller than the gap in the spectra of o and
particles).

C. Static spin correlators and nematic order parameter
One obtains from Eqgs. (3) and (52) at H < H;

(St;) = (S5;) =0, (62)
(S1,85;) = (al) = /pe ™™, (63)

where L denotes the projection on the plane perpendicular
to the field direction. Then, the condensation of a particles
signifies the formation of the quadrupolar phase without the
conventional long-range magnetic order in which (S, 5,;) # 0
in each (double) unit cell. This condensate should appear also
“between” the neighboring unit cells as the doubling of the
unit cell we made is only a trick. To show this we calculate the
value (Sz_j Si i +1)) [see Fig. 1(b)], where j enumerates sites in
one of the chains, for which one has from Egs. (3) to leading
order in p

(838111 = Ze_““ bict, (64)

One obtains after simple integration using Egs. (30), (31),
(A3), and (64) to leading order in the interchain interaction
[cf. Eq. (63)]

—/pe '?. (65)

As seen from Eqgs. (63) and (65), the nematic order parameter
(S78,1) = (=1)/ /pe™"?, where j enumerates now spins in
a chain, has an “antiferromagnetic” order: its absolute value
is the same for all j whereas its phase differs by 7 for two
neighboring sites (j and j + 1). Such nematic ordering along
chains was predicted in Refs. 8 and 21. In contrast, the nematic
order is “ferromagnetic” in directions transverse to chains
because the minimum of €, (k) is at k = (0,0,0) [see Egs. (46)
and (48)]. The nematic ordering does not depend on the sign
of J|. Notice also that this finding does not depend on the way
of grouping of spins into couples shown in Fig. 1(b) due to
arbitrariness of ¢.

Let us consider the static spin correlator (S; S, ). To find

it, one has to calculate <Szj SI(H,,)) (S1J Sz(j+n)> (S2J SZ_(jerz))’
and (S| (;4,))» Which can be easily done to first order in /p

and to leadmg order in J| using Egs. (3), (30), (31), (A2), and
(A3). The result can be represented in the form

(STS7,) = o/pe#(—1) sin (%“) (%) (66)

(82, 81G4+0) =

PHYSICAL REVIEW B 86, 014423 (2012)

FIG. 7. Static spin correlator at H < H, given by Eq. (69) with
q = (¢,0,0). The inset shows the longitudinal static spin correlator
divided by p and given by Eq. (70). Here d is the distance between
two neighboring spins in a chain.

where n > 0 and which reproduces, in particular, Egs. (63)
and (65) at n = 1. In much the same way, one obtains to first
order in p and to leading order in J|

n J \:l20a0+0) n
SESTL) = Al | AL ILE AT
S/ Sjen) = "COS(2><1+J> ( 1427 +2)

(67)
1 1 n J \"!
Si—— )85, —=))=psin* | — | — .
((55-3) (50 -3)) = (3) (755)

(68)
Itis seen from Egs. (66)—(68) that all the static spin correlators
decay exponentially as n — oo. This should be contrasted
with the case of the isolated chain in which the algebraic
decay of static correlator (68) is observed.!®!® As a result of
the exponential decay, static spin correlators have broad peaks
in quasi-1D magnets instead of Bragg peaks, whose height

rises as J increases. In particular, one obtains from Eqgs. (67)
and (68) (up to a constant)

-2
(SqS=) ~p + cos? q) ,  (69)

sin” g 1
4J2 \4J(1 +J)

142J 1 : , 1
(Ses7y)~p 573 cosq|:<2](1+J)+l> — cos q] ,

(70)

where q = (¢,0,0). Plots of these expressions are shown in
Fig. 7. It is seen that the breakdown of the translational
symmetry of the ground state at H < H; becomes apparent
in the transverse spin structure factor, which has a periodicity
in the reciprocal space equal to 7 /d rather than 27 /d.

A small interchain interaction gives rise to a weak depen-
dence of correlators (69) and (70) on components of momenta
transverse to chains.’!
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D. Magnetization

Using Egs. (3) and the solution of Egs. (A1) for G, (and the
similar expression for G.) one finds, after simple integration
for the magnetization in the leading order in p and J/,

a1 a4ap
i) =35 =27

Notice that, in contrast to the 1D case discussed above, there
is a nonzero contribution to the second term in Eq. (71) from

(clej) = (b1b)).

(71)

E. Spin Green’s functions

Spin Green’s functions (or generalized susceptibilities)
defined as

xmmm=wqﬁu=aédwwmzmﬁwm,am

where «, f = x, y, z, can be found straightforwardly using
Egs. (3) and (22)-(27). In particular, components of xqg
transverse to the field direction are expressed via Green’s
functions G, G., F, and F. As a consequence, they have
sharp peaks at w = £&, g(q) corresponding to one-magnon
excitations. It is seen from Egs. (3) that the longitudinal spin
Green’s function has a contribution containing G,(g) (apart
from a smooth background originating from terms cfc, b'h
and a’a in ST and S3):

Xzz(st) ~ —P[Ga(w,Q) + Ga(_wiq)]
27Zpé,(q)

Y ety -a@ 73

which shows sharp peaks at w = £€,(q) and small g. Thus,
the soft mode (56) can be observed in the nematic phase
experimentally in the longitudinal channel.

F. Phase transitions at H < H(T): Symmetry consideration

Let us discuss the breakdown of symmetry in the tran-
sition from the fully polarized phase to the nematic one at
H = H(T). The symmetry of the Hamiltonian (1) is O(2).
Symmetry operations that do not change the nematic order
parameter (S; S/, ;) = (—=1)//pe”" include a rotation by
m as well as rotations by —¢ and —¢ + 7w accompanied by
a reflection. These operations form a discrete group which
is equivalent to Z, ® Z,. Then, the phase transition in the
quadrupolar phase corresponds to the continuous symmetry
012)/(Z, ® Z,) = SO(2)/ Z, breakdown (see, e.g., Refs. 52
and 53) that produces, in particular, the massless excitations
(the soft mode). On the other hand, one can expect in the
considered quasi-1D system that the broken symmetry at
small field is Z, ® SO(2) (as in a noncollinear Heisenberg
XY magnet). Consequently, the discrete subgroup Z, ® Z,
should be broken upon decreasing field at H < Hy(T). This
breakdown of symmetry can happen in one transition (which
can be either of first or second order) or in two subsequent Ising
(second order) transitions corresponding to two Z, subgroups
breaking.’® The latter scenario can be realized in LiCuVOy,
where two phase transitions (apart from the low-field spin-flop
transition) are observed at H < H,(T).2%33

PHYSICAL REVIEW B 86, 014423 (2012)

VI. SUMMARY AND CONCLUSION

To summarize, we suggest an approach for quantitative
discussion of quantum phase transitions to the quadrupolar
phase in frustrated spin systems in a strong magnetic field H ~
H;.Quasi-1D and 1D spin—% models described by Hamiltonian
(1) are discussed in detail. The approach we propose is based
on the unit cell doubling along the chain direction presented
in Fig. 1(b) and on representation (3) of spins in each unit
cell via three Bose operators a, b, and ¢ (2). Bosons b and ¢
describe spin-1 excitations whose spectra representat H > H;
two parts of the one-magnon spectrum [see Fig. 2, Egs. (6) and
(9)-(12)]. Spectra (11) and (46)—(48) of the boson a carrying
spin 2 coincide at H > H; with those of two-magnon bound
states found before within other approaches. It is the main
advantage of the suggested approach that there is the bosonic
mode in the theory softening at H = H;. This circumstance
makes the consideration of the transition to the quadrupolar
phase substantially standard. In the purely 1D case, we rederive
spin correlators (38) and (39) obtained before either in the
limiting case of J > 1 or using the phenomenological theory
and extend previous discussions by Eq. (37) for magnetization
that well describes existing numerical data at H ~ H; (see
Fig. 4). In the quasi-1D model with the simplest interchain
interaction (40), we calculate at H < H; spectra of the
one-magnon band (60) and the soft mode (56), nematic order
parameter (63) and (65), and static spin correlators (66)—(70)
and magnetization (71) that are expressed via the condensate
density p given by Egs. (53)-(55). At T #0, p is also
expressed by Eqgs. (53)—(55) in which one should replace H;
by H(T) given by Eq. (57). All static two-spin correlators
decay exponentially with the correlation length proportional
to 1/In(1 4 1/J). This decay results in broad peaks in
static structure factors (see Fig. 7). The periodicity in the
reciprocal space of the transverse static structure factor is
equal to w/d rather than 27 /d. Transverse components of
the dynamical spin susceptibilities (72) are expressed via one-
magnon Green’s functions and contain sharp peaks at w equal
to magnon energies. The longitudinal component y,.(w,q)
apart from a smooth background contains a contribution (73)
from Green’s functions of a particles which have sharp peaks
at w = £€,(q).

We apply the proposed approach to the analysis of the
model describing the quasi-1D material LiCuVO, in which a
transition at the saturation field to (presumably) a quadrupolar
phase has been observed experimentally. Details of the
corresponding calculations are presented in Appendix B.
Predictions of our theory are in reasonable agreement with the
recent magnetization measurements in LiCuVOy. Our finding
that H,(0) — Hy(T) o< T3/?, Egs. (56), (60), (66)—(71), and
(73) can be checked in further experiments on this material
which should confirm also that the phase observed just below
H(T) is really the quadrupolar phase.
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APPENDIX A: ONE-MAGNON GREEN’S FUNCTIONS IN NEMATIC PHASE

Taking into account terms (58) in the Hamiltonian which appear at H < H; leads to a set of four linear Dyson
equations for G,(k), P(k), R(k), and F (k) that read [cf. Egs. (21)]

Gpk) = Gpo(k)[1 + €2 /pT1(k,0)P(k) + €'? \/pT5(k,0)R(k) + B F(k)],
P(k) = Gpo(k)le '?2/pT1(k,0)Gp(k) + e** \/pT%(k,0)F (k) + B} R(k)],
R(k) = Go(k)le™'?\/pT3(k,00G (k) + B P(k) + e'?2,/pT1(k,0)F (k)],
F(k) = Goo(k)[BkGyk) + €'2/pT1 (K, 0)R(k) + ¢'? /pT3(k,0) P(k)],

where P (k) and R(k) are defined in Egs. (59), Gpo(k) = Geo(k) = Gpo(—k) = Geo(—k) = (0 — E, +i8) " E, = Ex + (J], —
J{p)/2, and Ey and By are defined in Eq. (6). Solving Egs. (A1) one finds, in particular, to leading order in p

ip 2I'(k,0)(EZ 4 | Bk|* — ?) — I'3(k,0) Bk (E}, + w) — BiT3(k,0)(E}, — )

(AD)

Plk) — A2
(k) = e [@ — €4(K) + i8][® + €4(k) — i8][w — €g(K) + i8][w + €g(k) — i8] (42)
. I3k, 0)B; — (0* — EZ)T3(k,0) — 4E; BTy (k,0)
R(k) = /pe*? . . . —, (A3)
[0 — €y(K) + i8][w + €4 (K) — i8][w — €p(k) + i8][w + €g(K) — 6]

where we set p = 0 in the denominators. Expressions for G,
and F are cumbersome and we do not present them here.

Another set of Dyson equations for G.(k), Q(k), R(k), and
F (k) can be considered in much the same way.

APPENDIX B: APPLICATION TO LiCuVO,

We apply in this Appendix the approach proposed in the
main text to the particular quasi-1D compound LiCuVOy.
While exchange coupling constants inside a chain J; =
—18.5K and J = 44 K have been extracted from experimental
data in LiCuVOy quite precisely, a small interchain interaction
has been determined much less accurately.’>>* Then we
take into account, to first approximation only, the interchain
coupling J; = —4.3 K that is shown in Fig. 1(a).*>>* Such a
model for LiCuVOy is considered in Ref. 21 using another

approach that involves numerical calculations at H > H, and
self-consistent calculations at H < H;. Thus, it is reasonable
to compare our analytical results with those of Ref. 21.
Notice that the interchain interaction J, makes the system
two-dimensional (in contrast to J{ considered in the main
text).

Let us start with the case of H > H; and represent the
interchain interaction in the form

, 1 , )
H = 5 Z‘IZImSlSm = ZJZI,,,SuSzm, (B1)

Im Im

where the first sum is over the lattice sites and the second one
is over the double unit cells shown in Fig. 1(b). Substituting
Egs. (3) into Eq. (B1) one obtains Eq. (41), where now

! ! ! 1 l / 1 I
Hy=Y [—Jzoaliak — 305 (b + cpe) + 5 Ty + zJ“blick] : (B2)
Kk
/ 1 i iy o ;o
Hy = ST (Jp,cicra—s + Jy_y bibya_s + Jy ajc_sc_3 + J3_y ajb_sb_3), (B3)
ki +k,+k3;=0
1 .
H, = ~ Z (Jz’kl+k3a1Ta§a_3a_4 + J2’k2+k4a1Tc;a_3c_4 + J2’k1+k3a1b;a_3b_4
k;+ky+k3+ky=0
7 b 1, telg bt L 1 B4
T Dot 1 D1620-3C—4 7 5 o 4 1 €20-30—4 7 5 o, 41, 1 020-3C4 | (B4)
and J;, = 2J5cosk (1 + e~'k). We find from Egs. (6) and (B2) for the spectrum of 8 particles:
ky :
eg(k) = H +1—J + J cosk, — cos ?|1 —2Jcoske | —2J). (B5)
One has from Eq. (B5) to second order in J; for the field value at which e4(k) becomes gapless:
1 (1 —-8J% ,(1—4J2+8J%
H =2 -1+—+2L+))———+ () ————= B6
oy T2t h e + (%) THE (B6)
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The spectrum €, (k) of a particles can be calculated to second order in J; as done for J{ in the main text. Considering diagrams
shown in Fig. 5 one obtains that €,(k) has a minimum at k = (0,7) near which we have

,)2{1 +4J[1+JA+ 1HE+ )}

_ _ - o 2 2
€a(K) =2H +2—4J 7 475 — (J} AT TPAT 2T + Dyk2 + D K2, (B7)
o (JA+DQRIB+IR3+ TGS+ J{5+4J[(J —DIG+JT) =9 —5)— 1
D, =(J) < 1675 4 2
I+ +2J)
AT+2H{1+4J[JE-D—-1]-§&}
642751 + )/ VE—-142J2
B 4261 =20 (1 + D)1 +2J) + &] ) (B8)
VEWE — 1 +2JD)[40J2 + J3(20 — 88) =23+ &) + JB + E)d + &)/

where € = 4J%[S+4JQ2+ )] -3, D, >0 at J > 1.16,
and D, =~ 1/8J at J > 1. One finds from Eq. (B7)

Hy=2J-1+

1
20+ (13)?
2+2J+ 2 (%)

o {1+4J1+JA+))3E+ D}
41+ J)3(1 +2J)?
which gives H; = 47.08 T in LiCuVOy, in accordance with the
value of 47.1 T obtained in Ref. 21. We derive from Eqs. (B6)
and (B9) for the binding energy of two magnons given by
2(Hs; — H_) the value of 0.031J, which is in good agreement
with that of 0.030J obtained in Ref. 21. Then, we find using
Egs. (B6) and (B9) that the nematic phase can arise (i.e.,
H, > H,) if |J;| < 7.15 K, which is in accordance with the
inequality |J;| < 6.97 K obtained in Ref. 21. It should be
noted that small discrepancies in these values are attributed
to the fact that the interchain interaction is taken into account
exactly at H > H; in general equations which are solved in
Ref. 21 numerically whereas our analytical results are obtained
to second order in J,.
It becomes very important at H < H; that the model we
discuss is two dimensional. General result for the condensate
density in 2D Bose gas** reads in our notation at H ~ Hy as

D”DL
- ) (Bl0)
H,— H

s

. (B9

2
r= 87'L'1 / DH DJ_

where Z is given by Eq. (36). Equation (B10) is valid at
Hi— H <K /D|D,. (B11)

One obtains /D D, ~ 0.37 T in LiCuVOy using Eqgs. (33)
and (B8). We find from Egs. (71) and (B10) for the static

(m—Hm«

susceptibility

d {1 a+J7? 2z
H)y=—/|+=) (5] =
x(H) dH(NZ:(])) 1+2J 4n./DyD,
x[1+4n( l”Di>}

H_H (B12)
The static susceptibility has been measured recently®® in
LiCuVOy. One of the main results was an observation of a
cusp in x(H) upon entering into the nematic phase with the
field increasing. Then, it was found that x(H) &~ Mg, /2H;
in the nematic phase, where Mg, is the saturation value of
the magnetization per ion. This finding turns out to be in
agreement with the prediction of Ref. 21 according to which
x(H) ~ 0.54 Mg,/ Hy.

Although Eq. (B12) is valid quite close to H;, when
inequality (B11) holds, one can estimate y(H) at H; — H =
DD, using Eq. (B12). We obtain from this equation by
discarding the logarithm x(H) ~ 0.40M,/ H,, where M, =
1/2 is implied. This result agrees well with the experiment
in view of the fact that Eqs. (B10) and (B12) are valid at
H; — H ~ /DD, up to a constant of order unity.

It should be noted that a small interaction between chains
making the system three dimensional would screen the
logarithm in Eqs. (B10) and (B12) and stabilize the long-range
nematic order at finite 7. Our finding that H,(0) — H(T')
T3/% as well as Egs. (56), (60), (66)—(71), and (73) can be
checked in further experiments on LiCuVO, which should
confirm also that the phase observed just below H; is really
the quadrupolar phase.
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