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The effects of quantum fluctuations due to directional anisotropy and frustration between nearest neighbors
and next-nearest neighbors of the quantum spin—% Heisenberg antiferromagnet on a square lattice are investi-
gated using spin-wave expansion. We have calculated the spin-wave-energy dispersion in the entire Brillouin
zone, renormalized spin-wave velocities, and the magnetization up to second order in 1/S expansion for the
antiferromagnetic Neél and collinear antiferromagnetic stripe phases. It is shown that the second-order correc-
tions become significant with increase in frustration. With these corrections magnetizations and spin-wave
velocities for both the phases become zero at the quantum critical points as expected from other numerical and
analytical methods. We have shown that the transition between the two ordered phases are always separated by

the disordered paramagnetic phase.

DOI: 10.1103/PhysRevB.82.144407

I. INTRODUCTION

The physics of two-dimensional (2D) frustrated spin—%
Heisenberg antiferromagnet continues to attract considerable
attention due to the discovery and availability of new mag-
netic materials such as the layered oxide high-temperature
superconductors.'™!! These systems can be well described by
the Heisenberg spin model with nearest-neighbor (NN) anti-
ferromagnetic coupling J, and next-nearest-neighbor (NNN)
antiferromagnetic coupling J,. Experimentally by applying
high pressures the ground state phase diagram of these frus-
trated spin systems can be explored from low 7n=J,/J; to
high #. For example, Li,VOSiO, is an insulating vanadium
oxide, with spin s=1/2 V** ions arranged in square lattice
planes at the centers of VO, pyramids. These are linked by
Si0, tetrahedra with Li ions occupying the space between
the V-O planes. X-ray diffraction measurements on this com-
pound show that the value of 7 decreases by about 40% with
increase in pressure from zero to 7.6 GPa.'> Moreover,
nuclear magnetic resonance, magnetization, specific heat,
and muon spin-rotation measurements on these compounds
[Li,VOSiO,, Li,VOGeO,, VOMoO,, and BaCdVO(PO,),]
show significant coupling between NN and NNN
neighbors.*-® In addition these experiments on Li,VOSiO,
have shown that it undergoes a phase transition at a low
temperature (2.8 K) to collinear antiferromagnetic order with
magnetic moments lying in the a-b plane with J,+J,
~8.2(1) K and J,/J;~1.1(1).%7

Quantum spin-% antiferromagnetic J;-J, model on a
square lattice has been studied extensively by various ana-
Iytical and numerical techniques such as the diagrammatic
perturbation theory based on spin-wave expansion,!324
modified spin-wave theory,” field theory,®=32 series
expansion,’3-38 exact diagonalization,*® density matrix renor-
malization group (DMRG),**#? effective field theory,*>#4
coupled cluster method,* band-structure calculations,*® and
Quantum Monte Carlo.*’~*° It is now well known that at low
temperatures these systems exhibit new types of magnetic
order and novel quantum phases.’**! For J,=0 the ground
state is antiferromagnetically ordered at zero temperature.
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PACS number(s): 75.10.Jm, 75.40.Mg, 75.50.Ee, 73.43.Nq

Addition of next-nearest-neighbor interactions induces a
strong frustration and break the antiferromagnetic (AF) order
at J,~J/2. The competition between NN and NNN inter-
actions for the square lattice is characterized by the frustra-
tion parameter 7=J,/J;. It has been found that a disordered
paramagnetic phase exists between 7%,,~0.38 and 7,
~0.60.°>3 For <, the square lattice is AF ordered
whereas for 7> 7, a degenerate collinear antiferromagnetic
(CAF) stripe phase emerges. In the collinear state the NN
spins have a parallel orientation in the vertical direction and
antiparallel orientation in the horizontal direction or vice
versa. The exact nature of the phase transitions and the na-
ture of the intermediate phase are still debatable. It is be-
lieved that the phase transition from the AF-ordered state to
the intermediate paramagnetic state at ;. is of second order
and from the paramagnetic state to the collinear state at 7,,.
is of first order.’>>

A generalization of the frustrated J;-J, model is the
Ji-J1-J, model where {=J/J, is the directional anisotropy
parameter.”®3! It is known that the spatial anisotropy reduces
the width of the disordered phase. Extensive band structure
calculations* for the vanadium phosphate compounds
Pb,VO(PO,),, SrZnVO(PO,),, BaZnVO(PO,),, and
BaCdVO(PO,), have shown four different exchange cou-
plings: J; and J; between the NN and J, and J, between
NNN. For example {=~0.7 and J;/J,~ 0.4 were obtained for
SrZnVO(PO,),. A possible realization of the J;-J{-J, model
may be the compound (NO)Cu(NOs); (Ref. 54) though re-
cent band-structure calculations show a uniform spin chain
model with different types of anisotropy and weak interchain
couplings.”® Within the spin-wave expansion the effect of
directional anisotropy on the spin-wave-energy dispersion
and the transverse dynamical structure factor has been stud-
ied before.!> However, the effect of NNN frustration has not
been incorporated in that study.

For the J,-J-J, model using a higher order coupled clus-
ter method Bishop et al.*’ reported existence of a quantum
triple point (QTP) at {=0.60, 7=0.33. Below this point
they predicted a second-order phase transition between the
quantum Neél and stripe phases whereas above it these two
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phases are separated by an intermediate phase. Existence of a
QTP has also been reported by other authors**** where they
used effective field theory and effective renormalization
group approach to obtain a QTP at {=0.51, »=0.28. In a
DMRG study it was predicted that there is no intermediate
phase (no spin gap) for 7 lower than 0.287 when {=1 (iso-
tropic case).* But more recent DMRG calculations have
concluded that a disordered paramagnetic region persists for
all »>0.4

It should be mentioned that the present J,-J{-J, model
was introduced®' as a 2D generalization of the frustrated
two-leg ladder. However, the phases of the frustrated J,-J{-J,
Heisenberg model differs from the phase diagram of the frus-
trated spin-% ladder with rung coupling J{ and diagonal cou-
pling J,.5%%" In case of the frustrated spin-3 ladder for J;
<2J, the ground state is of Haldane type, with two spin-% on
the rung forming effective spin-1. On the other hand for J|
>2J, rung pairs form singlets, resulting in the rung-singlet
phase.”®

Frustrated two leg ladders share some common features
with the present 2D J;-J{-J, model. Using bosonization cal-
culations it has been shown that a spin gap and dimerization
are also present in this case.”® However, the presence of this
intermediate phase has been questioned and a direct transi-
tion from the rung singlet to the Haldane phase has been
reported.’®>° Yet evidence of such a dimerized intermediate
phase in the two leg model was found numerically in Refs.
56 and 57 up to a certain value of the interchain coupling.

One of the main motivations of this work is to investigate
(within second-order spin-wave expansion) if a disordered
paramagnetic region exists for this frustrated, spatially aniso-
tropic J;-J{-J, model on a square lattice. We find that the
intermediate disordered phase exist even for small spatial
anisotropies.

In this work we present a comprehensive study of the
effect of zero-temperature quantum fluctuations on the spin
wave energy, spin-wave velocities, and magnetization for the
two ordered phases of the J;-Jj-J, Heisenberg AF on a
square lattice. We wuse spin-wave expansion based on
Holstein-Primakoff transformation up to second order to nu-
merically calculate the physical quantities. Whenever pos-
sible we compare our results with available experimental
data on the systems mentioned above and with other existing
analytical or numerical results. The paper is organized as
follows. Section II provides an introduction to the Hamil-
tonian for the Heisenberg spin—% AF on a spatially aniso-
tropic square lattice. The classical ground-state configura-
tions of the model and the different phases are then briefly
discussed. In the next two sections Secs. Il A and II B the
spin Hamiltonian is mapped to the Hamiltonian of interact-
ing spin-wave excitations (magnons) and spin-wave expan-
sion up to second order for spin-wave energy, spin-wave ve-
locities, and staggered magnetizations are presented for the
two ordered phases. These physical quantities for the two
phases are numerically calculated and the results are plotted
and discussed in Sec. III. Finally we summarize our results
in Sec. IV. Appendices A—C contain details of the formalism.

II. MODEL

We consider a frustrated S =% antiferromagnet with spatial
anisotropy on a N; X N; square lattice with three types of
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FIG. 1. Classical ground states: (a) AF (,), (b) columnar
(7,0), and (c) row (0, ).

exchange interactions between spins: J; along the x (row)
directions, J| along the y (column) directions, and J, along
the diagonals. We assume all interactions to be antiferromag-
netic and positive, i.e., J;,J{,J,>0. This J;-J|-J, spin sys-
tem is described by the Heisenberg Hamiltonian

- 1Y -
H= 5112 S;-Sivs + E]fz SiSivs + I Si*Sivs s
i=1 " i=1 Y2 NS A

(1)

where i runs over all lattice sites and i+ 38, (6,==1) and i
+98, (6,= = 1) are the nearest neighbors to the ith site along
the row and the column direction. The third term represents
the interaction between the next-nearest neighbors, which are
along the diagonals.

At zero temperature this model exhibits three types of
classical ground-state configurations: the Neél state or the
(r,77) state and the two stripe states which are the columnar
stripe (7r,0) and the row stripe (0, 7). The spin orientations
of these three states are shown in Fig. 1. The Neél state
breaks the SU(2) and the lattice translational symmetry but
preserves the fourfold rotational symmetry C, of the square.
The stripe states break SU(2) and partial lattice translational
symmetries (along one direction). In addition this state
breaks the invariance under /2 real-space rotations C, to
C2.

The classical ground-state energies of these states are de-
termined by treating the spins as classical vectors and then
minimizing the energy. These are

1
ESIN=— 5J1S2z[1 +{=27],

: 1
Efotumna! N == 2118721 = £+ 277],

BN =SS 1+ L+ 27 @
Here {=J|/J, is the directional anisotropy parameter and 7
=J,/J, is the magnetic frustration between the NN (row di-
rection) and NNN spins. z=2 is the number of nearest neigh-
bor sites. Equation (2) shows that the classical ground state is
either the AF Neél state for <<{/2 or the CAF stripe state if
n>{/2. The classical first-order phase transition between

the AF and CAF state occurs at the critical value nglass
={/2.%5
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At low temperature quantum fluctuations play a signifi-
cant role on the phase diagram of the system. In the next
sections we will consider the classical spins as quantum
spins and study the role of quantum fluctuations on the AF
and CAF ordered phases. We follow a standard procedure by
first expressing the fluctuations around the “classical” ground
state in terms of the boson operators using the Holstein-
Primakoff transformation.®” The quadratic term in boson op-
erators corresponds to the linear spin-wave theory whereas
the higher order terms represent spin-wave (magnon) inter-
actions. We keep terms up to second order in 1/S. In the next
step we calculate the renormalized magnon Green’s func-
tions and self-energies. Finally, we calculate the magnon en-
ergy dispersion, renormalized spin-wave velocities, and the
staggered magnetization per spin to the leading order in 1/
for the AF and CAF phases.

A. AF phase: Formalism

For the AF ordered phase NN interactions are between A
and B sublattices and NNN interactions are between A-A and
B-B sublattices. The Hamiltonian in Eq. (1) takes the form

H:‘llz S‘IASi(SX-'-J{ESlASZI-;HSV

1
+ 5122 [S;*- Sﬁ(sxﬂsy +8S7- Sg-ﬁx+5v]' (3)
i .

This Hamiltonian can be mapped into an equivalent Hamil-
tonian of interacting bosons by transforming the spin opera-
tors to bosonic creation and annihilation operators at,a for
“up” and b',b for “down” sublattices using the Holstein-
Primakzoff transformations keeping only terms up to the order
of 1/§

1 aja,- 1 azaiazai }
i»

st~ 28 125
A [ 2(25) 8 (25)?

1 aTai 1 a-fa,-a-fai
Sqi =~ \28af| 1 - 2L LSS
2(28) 8 (29)

S5 =S—aja;,
— . 1bib, 1660,
Sk~ \28pT| 1 - - - ,
B ,{ 2(25) 8 (25)2]

16b;, 1bbbIb,
Sy =~ \r’TS[l i et __;12;1 b,
j 2(25) 8 (29)

Shi=—S+Dblb;. (4)

Substituting Eq. (4) we expand the Hamiltonian in powers of
1/S as
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The first term corresponds to the classical energy of the AF
ground state [Eq. (2)]. Next using the spatial Fourier trans-

forms
2 . 2 .
_ = z —ik-R; _ = z —ik-R;
ai h \/; k ¢ ak’ bj B \/; k € ka

the real space Hamiltonian is transformed to the k-space
Hamiltonian. Momentum k is defined in the first Brillouin
zone (BZ): —m<k,=m, —m<k,= (with unit lattice spac-
ing). The reduced Brillouin zone contains N/2 k vectors as
the unit cell is a magnetic supercell consisting of an A site
and a B site.

Furthermore, we diagonalize the quadratic part H, by
transforming the operators a, and by to magnon operators oy
and By using the Bogoliubov (BG) transformations

af =g +mfy.  bo=mog + Ly, (6)

where the coefficients [, and m, are defined as

l+ea |12 l—ea |12
lk=[ k} . mye=—sgn(%) k = - xdk

2Ek 26](
(7)
with
€k = (1 - ’)/]2()1/2’
Yic = Vi Kics
Y1k = [cos(k,) + £ cos(k,) /(1 + ),
Yok = cos(k,)cos(ky),
27y

Kk=1__1+§(1_72k)~ (8)

Y 1S negative in certain parts of the first BZ—so it is essen-
tial to keep track of the sign of 7, through the function
sgn( ;). After these transformations, the quadratic part of the
Hamiltonian becomes

Hy=1,52(1+ 02 riec— 1)
Kk
+J,Sz(1 + §)2 kak(a’lta’k + ﬂ]tﬂk)- )
Kk

The first term is the zero-point energy and the second term
represents the excitation energy of the magnons within linear
spin-wave theory (LSWT).

The part H; corresponds to 1/S correction to the Hamil-
tonian. We follow the same procedure as described above.
The resulting expression after transforming the bosonic op-
erators to the magnon operators is
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. . . JSz(1 .
S+ ¢ > [An(efa + BLBY + BBy + Boan) ] - 181+ 0 > S6(1+2-3- 4)11121314[%“5“3“4‘/(112)34
k

2SN 1234

+BLBLBL BV +4al Bl Boas Vi, + (2a] BLoasayVidy + 281,81 BLoasVidy, + alad B3 81, Vi, + Hee b

In the above equation momenta k,,k,,ks,k, are abbreviated
as 1, 2, 3, and 4. The first term in Eq. (10), which is known
as the Oguchi correction® in the literature is obtained by
setting the products of four boson operators into normal or-
dered forms with respect to the magnon operators, where Ay
and By are

(10)

(27251
Az—(“_g)N% ep“ €~ Yapl» (14)

Be(ﬁ)gii{m—%} (15)

1 1 1+{/N7 & P
A=Ar— L= Yid+ A =1 - v, (11)
Kk€k €k
The second term in Eq. (10) represents scattering between
spin waves, where the delta function 5;(1+2-3—4) ensures
1 % G
By=B 1K_€71k[1 = ¥l (12) that momentum is conserved within a reciprocal lattice vec-
Kok tor G. Explicit forms of the vertex factors Vi34, are given
with in Appendix A.
) | 72 The second-order term, H, is composed of six boson op-
A= => = { ey € — 1] , (13) erators. Before the BG transformation H, is of the following
NG 6l K form:
|
J1Sz(1+ ) N e
= W D c(1+2+3-4-5-6)| »(2+3-6)alasash ¢b_b_s+y,(3 -5 —6)alabasb sb’b_s
123456
L ¥ i oot 27 i i
- 5[71 (4agb sb_1b b sb_3 + v,(3)ajasasasagh_s + H.e.] + m Y>(2+3 = 6)ajasasalatas
Tt 1 1 1P T Tt T

+ %(3=5=06)ajatasalasas — 5[y2(3)a1a4a2a5a6a3 + y(Dajalasalasag+Hel+a—b|. (16)

After transformation to magnon operators ¢y, B the Hamil-
tonian in normal ordered form reduces to

)= JlLljg)E [Cii(aan+ BiBi) + Col Bl
(29) k

+ Boas) + 0. (17)

The dotted terms contribute to higher than second order cor-
rections and are thus omitted in our calculations. The coeffi-
cients Cy, and C,y are given in Appendix B. We will find
that these corrections play a significant role in the magnon
energy dispersion and in the phase diagram for large frustra-
tion and/or small anisotropy.

The quasiparticle energy EQF for magnon excitations,

measured in units of J;Sz(1+¢) up to second order in 1/S is
given as

- 1 1
ERf =Ep+ — A+

B2
25) 257 {Efg(k,Ek) - —“] . (18)

2E,

Expressions for the magnon Green’s functions and self-
energies are given in Appendix B.

We now define the renormalized spin-wave velocities
along the x and y directions at the zone boundary using Eq.
(18) as V,=limy o 2/;S(1+QEL" /k, with k,=0 and V,

=limy 2J,S(1+QER/ k, with k,=0. The renormalization
factors are expressed as

AF _ Vx| U
AF =

———=vg + + ,
sVl (28) T (28)?

(19)
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7AF — _VL _L Yoy (20)
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2

172 1 [ (2) _ﬁ}
2y =(1+)"*lim — ky 3ok, Ey) £ | (26)

— =, ,
2SI+ ¢ T 29 sy by .
where The magnetization M defined as the average of the spin op-
v, =(1-279)"2, (21) erator S, on a given sublattice (say A) is expressed as
M, M
} 1 M=5S- S—AS+—+—= 27
v, =(1-27) ”2{(1 - n)A1+5(1+§)A2], (22) (aja) = (25) " (29" 27)
) where
12 ! By
=(1+9 hm (k Ey) - (23)
—0k, 2Ek 1 1
AS=—>—=-1], (28)
12 N\ &
vOy = (é/_ 277) > (24)
1 2 lkkak
—(r_o12| (7 z Mi=—2 ——, 29
viy=({-27) [(z 7/)A1+2(1+§)A2], (25) SN2 g, 29
|
My= 23— (e m)2E B, l“m“z< )k, E)
== m
N4 Wyt :
<2> E 28 lzlzl (lz + mk)|Vf( -p.q.[k+p- q]| 2hm, sgn('yG)Vf( .p.q.[k+p— q]V§<6,l)J»q,[k+p—q] (30)
N TKP 4| (B + Ep+ Eg + Exip_g) k= (Ep+ Eq+ Eyipy)’ '
I
The zeroth-order term AS corresponds to the reduction in 7£k=005(ky),
magnetization within LSWT, M| term corresponds to the
first-order 1/ correction, and M, is the second-order correc- , P
tion. = Vil s
! g !
B. CAF phase: Formalism K=1- 1+ 277(1 - )
Hamiltonian
In the CAF phase up and down spins interact along the &=[1- ’}’1'(2]1/2~ (32)

row directions (NN coupling) and also along the diagonals
(NNN coupling) whereas up-up and down-down spins inter-
act along the column direction (NN coupling). The Hamil-
tonian for this phase is described by

H= JlESA Sl+5+ le[SA S,+5+5+S Sz+a+5

+ 122 SA. S,+5 (31)

The Hamiltonians for the AF and the CAF ordered phases
[Egs. (3) and (31)] show the similarity between these two
phases. In the AF phase J, interactions play the role of Jj
interactions in the CAF phase. For the CAF phase the struc-
ture factors vy}, ¥ along with other quantities required for
the calculations are defined as

Y1k = 1cos(k)[1 + 27 cos(k,)[}/(1 +27),

The coefficients for the Oguchi correction that appear in the
Hamiltonian H, are

Ag=A— ,[Kf(_%k]*‘Az ,[1 ?’21( (33)
Ky €k €k
Bll(zB ! r’)’lk[l Vék] (34)
K€k
with
2 1 2
Ai:—z—,[—llﬂ+6{,—l], (35)
Np &L Kp
! g )2 1 ! !
A= —— =3 =[1-€ - v5,], 36
2 (1+27} N%e{,[ %~ Vol (36)
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{ )2 o 7
Bi= —2 | -2 37
! <1+277 N% el " (37)

H,, H, and H, can be expressed in the same forms as in Eqs.
(9), (10), and (17) with the new coefficients Ay, By, Ciy, Cox
and with the replacement (<« 27. The expressions for the
two vertex factors V'@, V') and the coefficients C},,Ch,
are given in Appendix C. As an example for the CAF phase
Eq. (9) takes the form

Hy=J,Sz(1 + 277)2 k(g — 1) +J,Sz(1 + 27/)2 Kl'(el'((a]iak
K K

+ BB (38)

The quasiparticle energy EEAF for magnon excitations, mea-
sured in units of J;Sz(1+2#) up to second order in 1/S is
given as

1
EM =Bl + —Ak

1 B/2
32 - . (39
The renormalized spin-wave velocities along the x and y
directions for this phase are defined as szlimkﬁo 2J,8(1
+2)E Mk, with k=0 and  V,=lim; _,2/,S(1

+277)EEAF/ ky, with k,=0. The renormalization factors are

V! v! U/
AF _ X ’ 1x 2x
== +——+ >, 40
v Tarstean Ut s tasy @O
AF _ Vy / + vl} b 02\ (41)
Yy 2J,5(1 + 277) (28)  (28)*°
where
v =1, (42)
v, =A], (43)
1 B/Z
’ . 1(2)
v,, = lim k,E 44
2 kxﬁ() X|: ( k) 2Ek:| ( )
vy =27+ 1) 2p- "2, (45)

vy, =Q2n+1)7"227n- §)‘”2{(2n— §>A1 + %(277+ 1)A2},

(46)

’ . 1 /(2) Blz
Uy, = lim — (K, Ey) — 2E’ , (47)
k

—0K,

y

III. RESULTS
A. AF phase
1. Spin-wave energy dispersion

We numerically evaluate Eq. (18) to obtain the spin-wave
energy 2J,S(1+ §)EQF as a function of momentum for several
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FIG. 2. (Color online) Spin-wave energy EQF/ J, obtained from
LSWT (long-dashed lines) with first-order (dotted lines) and
second-order corrections (solid lines) for the AF-ordered phase.
Panel (a) is for isotropic coupling {=1 with =0 and %=0.3 and
panel (b) is for =0 (no frustration) and with two different values
of anisotropy parameter {=1 and 0.4. Both the first and second
order corrections make the spin-wave energy larger and the correc-
tions from LSWT (long-dashed lines) are significant in the entire
BZ.

values of ¢ and 7. For the numerical summation, the first BZ
is divided into Ni meshes with N; =64 and then 4096 points
of p and 4096 points of q are summed up to evaluate the
third term in Eq. (18). For some of the cases we have used
N; =96 for better accuracies.

Figure 2 shows a comparison between the results from
LSWT (long-dashed lines), first-order (dotted lines), and
second-order corrections (solid lines) to the spin-wave en-
ergy. Figure 2(a) shows the spin-wave energies for isotropic
coupling (¢{=1) with =0 and %=0.3 and Fig. 2(b) shows
the results with two different values of anisotropy parameter
{=1 and 0.4 for »=0. We find that in the entire BZ both the
first (dotted lines) and second order corrections (solid lines)
make the spin-wave energy larger, and the corrections from
LSWT (long-dashed lines) are significant for all cases.

In Fig. 3 we show the spin-wave energy results with
second-order corrections for different values of { and #.
The spin-wave energy curve for the isotropic coupling {=1
with 7=0 was reported earlier.””> The dispersion along
(m/2,7/2)—(,0) is flat within LSWT and 1/S correction
(see Fig. 2 for example). The second-order corrections make
the excitation energies at (7,0) smaller than the energies at
(7/2,7r/2). Our results for spin-wave energy with frustra-
tion and with anisotropic couplings are different. The dip in
the magnon energy at (7r,0) increases with increase in frus-
tration 7. Experimentally this can provide a measure of the
strength of NNN frustration.

In Fig. 4 we show the effect of the directional anisotropy
parameter £ on the spin-wave energy (with second-order cor-

144407-6



SECOND-ORDER QUANTUM CORRECTIONS FOR THE...

(b) |

0
0,0 (m,0)

(n/2,7/2) (m,m) (m,0)

FIG. 3. (Color online) Spin-wave energy Ey /J; for the AF
ordered phase with second-order corrections is plotted for different
values of ¢ and ». The dispersion along (7/2,7/2)—(ar,0) is flat
within LSWT and 1/§ correction. The second-order corrections
make the excitation energies at (7,0) smaller than the energies at
(77/2,r/2) for all cases. With increase in NNN frustration 7 (for a
fixed value of the directional parameter {) the dip in the magnon
energy at (,0) increases. This can provide a measure of the
strength of NNN frustration.

rections). Similar to Fig. 3 we find that the dip in the energy
at (7,0) increasing values of .

Recently using neutron scattering measurements on cop-
per deuteroformate tetradeurate (CFTD), a real two di-
mensional Heisenberg AF with weak interplane interactions
(=1073-107%J;) magnon energies have been obtained for the
entire BZ.>? It was found that the energies at (,0) is
13.5180 meV (with estimated error of 0.1641 meV), which is
about 7(1)% smaller than the energy 14.4880 meV (with es-
timated error of 0.0647 meV) at (7/2,/2).3%2 The coupling
J is estimated to be 6.19 meV. This local minimum at (r,0)
is due to quantum fluctuations and may be due to multimag-
non processes (entanglement of spins on neighboring sites)
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FIG. 4. (Color online) Effect of directional anisotropy parameter
{ on the spin-wave energy. The calculated spin-wave energy is with
second-order corrections. Similar to Fig. 3 the dip in the energy at
(,0) increases with increase in the values of £.
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FIG. 5. Convergence of Eé:o)/Jl and Eé:z,w/z)”l is shown with
1/N; for Ny =48, 64, 96, and 128. We extrapolate these results
using the fitting function A+B/N,+C/N;+D/N; to obtain
E(Eo)/1J1=2.3585, E(\b, 112)/J1=2.3908 for Ny — .

at this zone boundary. Series expansion around the Ising
limit*® and quantum Monte Carlo methods*” have accounted
for all of the experimental data. But these numerical methods
do not provide any insight into the physics at this zone
boundary. To test our numerical procedure we systematically
calculate the values of Eéf,o)”l and Eéf/z,mz)/-ll for N; =36,
48, 64, 96, and 128. The convergence of our results are very
good as shown in Fig. 5. We extrapolate these results using
the fitting function A+B/N,+C/N;+D/N; to obtain A for
N;—» and reproduce the numerical results E?: o/
~2.3585, E(iy /] =2.3908 reported earlier'> with a
1.4% decrease between these two energy values. Recently a
third order in 1/S expansion has been done to obtain the
spectrum of short-wavelength magnons®>»% where it was
shown that the 1/S series converges slowly near the wave
vector (7r,0). With the third order correction the excitation
energy at (7,0) was found to be 3.2% smaller than at
(7/2,4r/2). This result for the energy difference still falls
short of the experimental result of 7%. This suggests that the
inclusion of correction to even third order in 1/§ is insuffi-
cient to explain this energy difference. It should be noted that
other interactions, e.g., ring exchange interactions have been
proposed to play a role in these compounds.®%+63

It may be interesting to study the effects of small NNN
frustration and small anisotropy on the energies at these two
zone boundaries. Table I shows our extrapolated values of
E?,EO)/JI and EE\;Z’W)/JI and the percentage changes for
small frustrations 7=0.01,0.02 and a small directional aniso-
tropy ¢=0.98. Calculations are done with lattice sizes N
=48, 64, 96, and 128 and the results are extrapolated to N,
— 0 using the fitting function A+B/N,+C/N>+D/N;. We
show that a small frustration (for example, 7=0.02) for the
isotropic coupling causes a noticeable difference (2.8%
within second-order spin-wave expansion) in energies be-
tween Eéf 0/J1 and EéSz,w/z)/ Jy. These features can be ex-
plored experimentally using neutron scattering measure-
ments with compounds that can be modeled by the J;-J{-J,
Heisenberg antiferromagnet.

2. Renormalized spin-wave velocities

We calculate the spin-wave velocity renormalization fac-
tors ZAF, Z*F along the x and y directions from Eq. (20). For
x y
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TABLE 1. Energies E’(A: 0)/J1 and E?:/z,ﬂ/z)/ J for different val-

ues of { and 7.

AEMNIER, o)
N, —o0 Ero)dy Ef m! %)
(=1, 7=0 LSWT  2.0000 2.0000 0
/S 23159 2.3159 0
1/8> 23585 2.3908 1.4
{=1, =001 LSWT  1.9600 1.9800 1.0
/S 2.2800 2.2980 0.8
1/8* 23221 2.3753 2.2
(=1, 7=0.02 LSWT 1.9200 1.9600 2.0
1/S 22443 2.2801 1.6
1/82 22886 2.3536 2.8
(=098, »7=0 LSWT 19799 1.9800 0
/S 22926 2.2928 0
1/82 23348 2.3680 1.4

the second-order correction terms vs,,Uy, we consider lat-
tice size N;=72 and evaluate [Efg(k,Ek)—f—;{]/ k, with k,
=7/N;. vy, is obtained similarly. For the isotropic case {
=1 and with =0 we find the second-order correction v,,
=0,,=0.021 which is in excellent agreement with results re-
ported earlier.!*!>2! The results from our calculations with
increase in 7 are shown in Fig. 6. We find that the velocities
steadily decrease with increase in frustration and finally be-
comes zero close to the quantum critical points 7, for the
AF phase. Second-order corrections are significant to stabi-
lize the velocities as with first-order corrections these veloci-
ties diverge with increase in frustration (similar to the case
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04 !
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FIG. 6. (Color online) Renormalization factors ZvAF and ZUAF for
the spin-wave velocities are plotted with frustration 7; for different
values of . The velocities steadily decrease with increase in NNN
frustration and finally becomes zero close to the quantum critical
transition points 7;. for the AF-phase.
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FIG. 7. (Color online) Staggered magnetization M s is shown
for the AF ordered phase with frustration n=J,/J; with different
values of spatial anisotropy {=J{/J;. For each { results from LSWT
(long-dashed lines), with first-order (dotted lines) and with second-
order corrections (solid lines) are plotted. With increase in 7 the
dotted curves diverge. Second-order 1/8% corrections become sig-
nificant for large 7 and they stabilize the apparent divergence of the
magnetization. Magnetizations with 1/S% corrections decrease
steadily and then sharply drop to zero. For example in the isotropic
case i.e. {=1, Mp starts from 0.307 and then decreases till »
~0.32 and finally becomes zero at the critical point 7;.~0.41.
However for small £, say {=0.2 we find M to steadily decrease
from 0.21 at #=0-0.19 at »=0.054 and then slightly increases to
0.195 at »=0.068. Finally it sharply drops to zero at 7,.~0.084.
Note that for all cases second-order corrections increase the critical
value of 7, from the LSWT predictions.

with magnetization discussed later). We also notice that the
difference between the renormalization factors Z;\F and Zﬁp
X y

diminishes with increase in frustration.
3. Staggered magnetization

We obtain the staggered magnetization M ,r for the AF
phase with several values of ¢ and 7 from Eq. (27) by nu-
merically evaluating Eqgs. (28)—(30). Especially to obtain the
second order correction term M, we sum up the values of
Ni/ 4 points of Kk in the 1/4 part of the first BZ and N,% points
of p and q in the first BZ with N; =36 lattice sites (total of
about 544.2 million points for each ¢ and 7). Except for
small spatial anisotropy ¢, M, values start from a positive
small number and then switch sign and become negative
with increase in frustration 7. However, for small ¢, say ¢
=0.2 M, starts from a small negative number (~-0.005) and
remains negative with increase in 7. Figure 7 shows the
magnetization with increase in the frustration parameter 7
=J,/J, for several values of the spatial anisotropy parameter
{=J{/J1=0.2, 0.4, 0.6, 0.8, and 1.0. For each ¢ three differ-
ent curves are plotted: the long-dashed lines represent LSWT
prediction, the dotted lines include the first-order (1/S) cor-
rection to the LSWT results and the solid lines represent
corrections up to second-order (1/5%) to the LSWT results.
With increase in frustration the dotted curves diverge. How-
ever, 1/5? corrections (M,) significantly increase with frus-
tration and stabilize the apparent divergence of the magneti-
zation. We find that the magnetization with second-order
corrections decreases steadily at first and then sharply drops
to zero. As an example, for the isotropic case ({=1, 7=0),
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FIG. 8. (Color online) Spin deviation A AF=0-5_M5£F) from the
classical value of 0.5 is plotted for the AF ordered phase (with no
NNN interaction, i.e. 7#=0) for different values of spatial anisotropy
{. Dashed line is LSWT prediction whereas the solid line includes
1/8? corrections to LSWT results. The fluctuation increases with
decreasing values of , suggesting that spin-wave expansion for §
=% is unreliable for {<<0.1. In the inset we show the fluctuations
with 1/{ for ¢=0.1-1. The function f(£)=0.16+0.0297"!
-0.00079£7% is a good representation of Aap for £=0.1—1.0. The
fitted curve is shown in the inset along with the actual numerical
results with the second-order corrections.

M g starts from 0.307 and then decreases till #=0.32 and
finally becomes zero at the critical point 7,,.~0.41. For this
case we reproduce the magnetization plot obtained in Ref.
13. Other values of { show the same trend except for small {.
For {=0.2 we find M, steadily decreases from 0.21 at #
=0 to 0.19 at »=0.054 and then slightly increases to 0.195
at 7=~0.068. Finally it sharply drops to zero at 7;.~0.084.
This feature has not been observed before and may be an
artifact of the spin-wave expansion showing the limitation of
this method for small ¢ (the system becomes essentially one-
dimensional as {—0). It may be interesting to verify this by
series expansion or other analytical or numerical methods.
Note that for all cases second-order corrections increase the
critical value of 7. from the LSWT predictions. Our values
of magnetization for =0 (no NNN frustration), M)
=0.307 agrees with previously obtained values from spin-
wave expansion,'3713% series expansion,**7 and experi-
mental results for K,NiF,, K,;MnF,, Rb,MnF,, and other
systems.>8-11

The ground-state magnetization per spin is reduced from
its classical value S=1/2 by zero-point quantum fluctuations.
This “spin reduction” A AF:0-5—M531): is plotted for different
values of ¢ for =0 in Fig. 8. Second-order corrections
(solid line) change the values of MSSI): slightly from the
LSWT predictions (dashed line). The fluctuations increase
with decreasing values of {, suggesting that spin-wave ex-
pansion for S=1/2 is not applicable for {<<0.1 as the system
essentially becomes one dimensional.

In the inset of Fig. 8 we show the spin deviation with 1/¢
for ¢=0.1-1. We find that the function f({)=0.16
+0.029£7'-0.00079¢7% is a good representation of A g for
this range of . The fitted curve (dashed line) is shown in the
inset along with the actual numerical results (solid line) with
the second-order corrections.

3L A 12209, nk1

0
0,0

(r,0) (n/2,m/2) (m,m) (m,0)

FIG. 9. (Color online) Spin-wave energy EEAF/]I results ob-
tained from linear spin-wave theory (long-dashed lines), with first-
order (dotted lines), and second-order corrections (solid lines) for
the entire Brillouin zone of the CAF-ordered phase. For fixed NNN
frustration =1 two different values of {=0.9 and 0.4 are chosen.
1/S and 1/5? corrections increase the spin-wave energy of the or-
dered phase from the linear-spin wave theory results. For {=0.4
second order corrections are insignificant compared to the first or-
der 1/ corrections. However, for { =0.91/52 corrections lower the
spin-wave energy from the first-order corrections. Spin-wave en-
ergy shows three peaks, the maximum being at (7/2,0). The sec-
ond small peak is at (0.514,0.4867) and the third peak occurs at
(7, m/2).

B. CAF phase

1. Spin-wave energy dispersion

We numerically evaluate Eq. (39) with N, =72 lattice size

to obtain the spin-wave energy 2JIS(1+27])EEAF as a func-
tion of momentum for several values of  and #. The calcu-
lations are similar to the AF phase. Figure 9 shows the spin-

wave energy EEAF/ J, with second-order corrections (solid
lines) for the entire Brillouin zone of the CAF-ordered phase.
Two different values of directional anisotropy {=0.9 and 0.4
for NNN frustration =1 are chosen. Results obtained from
linear spin-wave theory (long-dashed lines) and with only
first-order (dotted lines) are also shown for comparison. 1/S
and 1/5? corrections increase the energy of the ordered
phase from the LSWT results. We find that the second-order
corrections to the magnon energy are not significant from the
energy obtained with first-order corrections for small {.
However for large ¢, say {=0.9 1/S? corrections lower the
spin-wave energy from the first-order 1/S corrections.

Figure 10 shows the effect of frustration # for a fixed
value of spatial anisotropy {=0.6. Second-order corrections
are negligible compared to the first-order corrections, which
significantly enhance the LSWT results. In both Figs. 9 and
10 the spin-wave energy vanishes at the wave vector (,0)
as expected for the CAF phase. We find three peaks in the
magnon energy, the maximum being at (7/2,0). The second
small peak in energy is at (0.5147,0.4867) and the third
peak occurs at (7, 7/2).
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FIG. 10. (Color online) Effect of frustration 7 on the spin-wave
energy in the CAF-phase. Second-order corrections are negligible
compared to the first-order corrections. However, 1/S corrections
significantly enhance the spin-wave energy obtained from LSWT
results.

2. Renormalized velocities

Renormalization factors ZSXAF,ZSAF along the x and y di-
rections are obtained from Eq. (415 with second-order cor-
rections. The results are shown in Fig. 11. As we expect
similar to the AF phase the velocities steadily decrease with
increase in 7 and finally becomes zero close to the quantum
transition points 7. for the CAF phase. Second-order cor-
rections are significant to stabilize the velocities as with first-
order corrections these velocities diverge with increase in
frustration (similar to the case with magnetization discussed
later). For small { ({=0.2,0.4 in figure) we find that ZEYAF
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FIG. 11. (Color online) Renormalization factors ZSAF and ZE’}F
are plotted with frustration # for different values of g.X The veloci-
ties steadily decrease with increase in NNN frustration and finally
become vanish close to the quantum critical transition points 7,. for
the CAF phase. Numerical calculations are done with lattice size
N;=72. For {=0.2,0.4 we find that ZS AF slightly increases and then
sharply drops to zero. Increasing the lattice size to N =96 does not
change our results.
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FIG. 12. (Color online) Staggered magnetization Mcap for the
CAF ordered phase is plotted with # for different values of {. For
each value of ¢ three different curves are shown: long-dashed line is
the prediction from LSWT, dotted line is the first-order correction,
and the solid line includes corrections up to second order. In all
cases first-order corrections diverge for some value of 7. However,
second-order (1/52) corrections become significant and stabilize the
magnetization. Similar to the AF phase Mcap with second-order
corrections decreases steadily and then sharply drops to zero. For
example, with {=0.2, Mcar starts from 0.371 at =1 and then
decreases till 7=~0.12 and sharply drops to zero at the critical point
7.~ 0.116. For ¢ more than 0.95 the fluctuations become too large
(see Fig. 13)—in that case our spin-wave expansion becomes in-
valid (see text). With increase in { the values of the critical points
7, differ more from the LSWT predictions.

slightly increases and then sharply drops to zero. We increase
the lattice size to N;=96 to check the accuracy of our calcu-
lation. We find no changes in our plot. It may be interesting
to verify this with series expansion or other analytical or
numerical methods. Our numerical method based on the
spin-wave expansion for the CAF phase is not reliable for
{>0.95—so0 we have not been able to obtain the renormal-
ized spin-wave velocities for the case with {=1 and 7=1
(more discussed in Sec. III B 3).

3. Staggered magnetization

Similar to the AF phase the staggered magnetization
M ap for the CAF phase with several values of ¢ and 7 are
obtained by summing over points in the first BZ with N,
=36 lattice sites. Except for large spatial anisotropy ¢, M,
values start from a small positive number and then switches
sign and become negative with increase in frustration 7.
However, for large ¢, say for {=0.8 M, corrections are al-
ways negative. Figure 12 shows the magnetization with in-
crease in frustration parameter 7 for several values of {
=0.2,0.4, 0.6, 0.8, and 0.95. For each { three different curves
are plotted: LSWT results (long-dashed line), first-order cor-
rections (dotted line), and second-order corrections (solid
line) to the LSWT results. Similar to the AF phase the dotted
curves diverge with increase in frustration. However, 1/ S2
corrections (M,) significantly increase with frustration and
stabilize the magnetization and finally make it zero. We find
that Mr decreases steadily at first and then sharply drops to
zero. As an example, for the {=0.2 M,p starts from 0.371
and then decreases till 7=0.12 and sharply drops to zero at
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FIG. 13. (Color online) Spin deviation Acar is plotted for the
CAF-ordered phase (7=1). Dashed line is LSWT results and the
solid line is with the 1/5? corrections. For { more than 0.95 spin-
wave expansion becomes unreliable as Acap as the first and second-
order corrections to Acap increase rapidly. Thus with the 1/5? cor-
rections we extrapolated the values to obtain Acyp=0.20 for {=1.
This gives Mcap=~0.30 for the isotropic limit. This is in good
agreement with existing experimental results (see text). Inset shows
both the exact data (solid line) and the extrapolated curve (dashed
line).

the critical point 7,.~0.116. With increase in ¢ the values of
the critical points 7,. differ more from LSWT predictions.

We also find that starting from {=0.95 the spin deviation
ACAF=O.5—M(COKF increases substantially as we approach the
isotropic limit {=1. This is shown in Fig. 13. Ac,p from the
LSWT theory remains smooth (dashed lines in Fig. 13). Both
the first (M) and second order (M,) corrections increase
rapidly for {>0.95. This increase is due to the fact that €
—0 as {— 1. We have not found a numerical way to regulate
it. Instead we used extrapolation to obtain values of Acar
beyond {=0.95. Inset of Fig. 13 shows both the exact data
(solid line) and the extrapolated curve (dashed line). With the
extrapolated curve we obtain Acar=0.20 for {=1, which
gives M p=0.30 for the isotropic limit. This is in good
agreement with the recent neutron-scattering-measurements
data of the order parameter Mc,r=0.31(2) for Li,VOSiO,,
which is believed to be a S=1/2 frustrated antiferromagnet
on a square lattice with J,~J .47

C. AF and CAF ordered phases: Phase diagram

Staggered magnetizations of a spatially anisotropic frus-
trated spin—% Heisenberg antiferromagnet on a square lattice
is presented in Fig. 14 for both AF and CAF ordered phases.
We find the staggered magnetization MEBIZ- for #=0 to de-
crease with decrease in anisotropy ¢ in the AF phase. On the
other hand, M (0/)“: increases with decrease in { for »=1. Our
results for M&F=O.307 for the AF-ordered phase and Mg)/lF
=0.30 for the CAF-ordered phase are in excellent agreement
with existing experimental data on these systems. Further-
more, we find that in both the phases the second-order cor-
rections play a significant role to stabilize the magnetization.
Staggered magnetizations become zero in both the phases at
the critical values 7. and 7, for each value of (.

Phase diagram for the J,-J{-J, model is displayed in Fig.
15. The solid lines indicate the critical points 7, for the AF
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FIG. 14. (Color online) Staggered magnetization M is plotted
for both the AF- and CAF-ordered phase (with second-order correc-
tions). For the AF phase the different values of { are 0.2, 0.4, 0.6,
0.8, and 1.0 and for the CAF phase the values are 0.2, 0.4, 0.6, 0.8,
and 0.95. Our numerical approach using spin-wave expansion is not
reliable for the CAF phase for { larger than 0.95 (see text for de-
tails). For both the phases M become zero at some critical values of
the NNN frustration parameter 7. We also find that the spin-gap
increases with increase in 7.

and 7, for the CAF phases. The dashed line is the classical
first-order phase transition line between the two phases. Our
spin-wave expansion for the CAF phase becomes unreliable
for #>0.95. Thus we extrapolate our data to obtain 7,
=0.58 for {=1. The dotted line in Fig. 15 is the extrapolated
curve. This result 7,.=0.58 is in good agreement with the
expected value of =0.60 for the isotropic case. Figure 15
shows that the spin gap (7,.— 7,;.) increases with increase in
L.

Within our spin-wave expansion we do not find any quan-
tum triple point for any values of { and #. This is in contrary
to the findings in Refs. 43—45. Instead from our calculations
we find that there are two ordered phases separated by the
magnetically disordered phase. Our proposed phase diagram
is consistent with the phase diagram obtained by the DMRG

06

0.5 :’ -]

04 F 7 .

FIG. 15. (Color online) Phase diagram for the J;-J{-J, model.
The solid lines indicate the critical points 7. for the AF and 7, for
the CAF phases. Our spin-wave expansion for the CAF phase be-
comes unreliable for 7>0.95. We extrapolate our data to find 7,,.
=0.58 for {=1. The dotted line is the extrapolated curve. The
dashed line in the middle represents the classical first-order phase
transition line 7*=¢/2. The spin gap (7.~ 7.) increases with
the anisotropy parameter ¢.
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calculations,*! exact diagonalization method,* and the re-

sults from the continuum limit of the present model.?® Our
results are also in accord with the numerical evidence of a
dimerized intermediate phase in the frustrated two leg model
up to a certain value of the interchain coupling. %>’

IV. CONCLUSIONS

In this work for an antiferromagnetic square lattice we
have provided a comprehensive study of the effects of quan-
tum fluctuations due to spatial anisotropy and frustration be-
tween nearest and next-nearest neighbors on the low-
temperature thermodynamic properties of the two ordered
phases of the system. Using second-order spin-wave expan-
sion we have calculated the spin-wave energy in the entire
Brillouin zone, renormalized spin-wave velocities, and the
magnetizations for the antiferromagnetic Neél and columnar
antiferromagnetic phases. We have found that the second-
order corrections contribute significantly to stabilize the
quantum phase diagram of the system as frustration between
the spins increase. As expected from linear spin-wave-theory
magnetization becomes zero at the quantum-critical points.
However, the second-order corrections slightly extend the
region of the AF order.

Our results for the spin-wave energies are compared with
the recent experimental results using neutron scattering for
CFTD.? With our second-order spin-wave expansion we
have reproduced the previous numerical results that the
spin-wave energy at (7,0) is about 1.4% smaller that at
(7/2,7r/2). This result falls short of the experimental result.
Furthermore, we find that the dip in spin wave energy at
(7r,0) increases with increase in NNN frustration. This can
provide a measure of the effect of frustration experimentally.
For a few values of small frustration and anisotropy we have
explicitly calculated the percentage changes between the
spin-wave energies at (7,0) and at (7/2,7/2). We have
shown how the renormalized spin-wave velocities along the
row and column direction change with frustration. Both these
velocities become zero close to the critical transition points.
For the AF-ordered phase we have also calculated the spin
deviation from the classical value of 0.5 with no NNN cou-
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pling for different values of directional anisotropies and have
obtained an empirical equation based on our numerical data.

For the CAF-ordered phase we have obtained similar re-
sults. The magnetization becomes zero at the quantum-
critical points as frustration increases. For {<<0.95 our cal-
culations produce correct results but our present numerical
approach is not reliable for {>0.95. Thus we were not able
to find the thermodynamic properties for {=1. Based on our
data we have extrapolated the magnetization for the case ¢
=1, »=1 and found it to be 0.30 which is in good agreement
with existing experimental result.*” Our extrapolated value
of the quantum critical point 7,.=0.58 for {=1, =1 is also
in good agreement with the expected value =0.60. We have
not found much experimental data on this system to compare
with our other results such as the spin-wave-energy disper-
sion in the entire BZ and the spin-wave velocities.

Finally we combined our results for the magnetization of
the two phases with different directional anisotropies to ob-
tain the complete magnetic phase diagram of the system. We
have found that two ordered phases are always separated by
the disordered paramagnetic phase. Our proposed phase dia-
gram is consistent with the phase diagram obtained from the
DMRG calculations,*' exact diagonalization method,*® and
the results from the continuum limit of the present model.”
Our results are also in accord with the numerical evidence of
a dimerized intermediate phase in the frustrated two leg
model up to a certain value of the interchain coupling. In
summary with our present approach based on second-order
spin-wave expansion we do not find existence of quantum
triple points for any values of { and #.
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APPENDIX A: VERTEX FACTORS FOR THE AF PHASE

The six vertex factors for the AF phase are given below.

s = 71 = Dxpxg + 9 (1= 3)x x5+ %1 (2 = Dxgxg + % (2 = 3)xpx;

1
- 5[71(1))51 +71(2)x + ¥ (3)x3 + ¥1(A)xg + (2 =3 = 4)xpx3x,

+y1(1 =3 =4)x1x3x5 + v, (4 =2 = Dxpxoxg + y(3 = 2 = Dxyxoxs]

2y
- <_>f1234[1 +5gn(Yg)x1Xox3%4] s

1+¢

(A1)
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V(122)34 = (2 =4)xx3+ (1= 4)xoxz + (2 = 3)xyxg + v, (1 = 3)xoxy

1
- E[yl(Z)x1x3x4 + Y1(Dxox3x + 1 (4)x 12005 + ¥, (3)x 12024

+7Q2=-3-Dx;+y(1-3-Dxy+ 94 -2 - Dxz+ y(3-2 - 1)xy]

2
- ( ?Z)fu%[xlxzxy% +sgn(yg)],

V(132)34 =72 =4) + (1 =3)x1x0x304 + Y1 (1 = H)xp2x0 + ¥1(2 = 3)x3x4
1
- 5[‘}’1(2))54 + Y1(Dxyxoxs + 712 =3 =4)x3+ ¥ (1 =3 = 4)x,x513
+ Y1(A)xy + v (3)xpx3x, + v (4 =2 = Dxy + 71 (3 =2 = Dxx3x4]

2
- (r@)fl 234 Xoxy + sgn(yg)x 1 x3],

V(é)szt ==y (2=4xs— yi(1 = 4)x1x005 — v1(2 = 3)x3 = ¥ (1 = 3)x1x0x3
1
+ 5[7’1(2) + y1(Dxx0 + y1(3)xox3 + 1 (4)xox4

+ Y12 =3 =d)xzxy+ v (1 =3 =Dxpoxzxg + v (3 =2 = Dxpxs + (4 =2 = 1)xyxg]

27
+ (m)flzﬂ[xz +5gn(yg)x1x3%4] s

V== 712 = 4)x; = (2 = 3)x03x, — 11 (1 = 4)x, = 1018, (1 = 3) 1,137,
1
+ 5[71(2)x1x4 + Y1 (Dxoxg + v (4)x 120+ ¥ (3)x X034

+ 12 =3 -dxx3+ 7 (1 =3 -4)xx3+ 7 (4 =2 1)+ %3 -2 - D)x3xy]

27
+ (m)f] 234l X1 X024 + sgn(y6)x3],

VIO = 712 = Dxpxs + 112 = 3)xpxg + 11 (1= 3)xyxg + (1 = )xyxs
1
- 5[71(2)x2x3x4 +7B)xg+ y1(2=3=Dxy+ v (3 -2 = D)xyxpxy

+ Y1(Dxpxsxg + v (Dxz + v (1 =3 = 4)x; + (4 =2 = 1)xx0x3]

2
- (rﬂg)fl 234l X3x4 + sgn(yg)x X, ]

with

Fie= 5170 =34 70 ~4) 4 %2 3) + 324~ (1) = %)~ 7,3~ 7:4)].

APPENDIX B: GREEN’S FUNCTION AND MAGNON SELF-ENERGY FOR THE AF PHASE

The time-ordered magnon Green’s functions are defined as

G k1) = = T en (N (0)]),  Gpp(k.1) == KIS (1) B(0)]),
Gopk,t) == T (DB (0)]),  Gpulk,t) == KT B (1)af(0)]),

Considering H, as the unperturbed Hamiltonian the Fourier transformed unperturbed propagators are given as

G (K, 0)=[w—E+id]", G%ﬁ(k,w) =[-w-E +id]",
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p tors G;(k, ) satisfy the matrix Dyson equation

Gi(k,0) = Gi(k,0) + 2, Gy, (k,0)3,,,(k,0)G, (K, 0),

(b) d P ’ mn
K @ K K kp-a\__ (B3)

N 7 + C--=<<--5 A
V(4)\l;> ’ /V(4) v h e where the self-energy 2,; [k can be expressed in powers of
1/(28)] as
(© q
= —SM @
@_ <k 2k,o) = (ZS)E” (k,w) + (25)22 (k,w) + -
vy 0 VO g (B4)

FIG. 16. (a) The solid and the dashed lines correspond to the « Using the relations

and B propagators. Second-order diagrams for the self-energies %) _ )
=Ssgn s
S ok, @) and 3 ,4(k, ) are shown in (b) and (c). V¥,V V(©® are lerp-alapk = 520(Y6) Vicp.q rp-a)
6) — 6)
the vertex factors (see text). Vfl Teep—aliep = S20(Y6) Vi{,p,q,[k+p—q]

the first and second-order self-energies are written as

Gopk,w) =G, (k,w) =0 (B2)
(1) (1)
with 6—0+. The magnon energy Ej=ky€, is measured in %ok, ) (k ) = Ay (BS)
units of J;Sz(1+¢). The graphical representation of the ( )
Green’s functions are shown in Fig. 16(a). The full propaga- (k w) =3 5,(k, @) =By, (B6)
|
Vb lkep-qll” Vipalkep-al
(2) K, E k.- c +< ) YRR -p.q.[k+p—q] _ .p.q.[k+p-q]
a(ko0) =Xk 0) = Coy 2 Ktk ™ | T T B (400 w4 Eyt Eqt Exepq— 10
(B7)
2(Ep+Eq+E )
2) _ 2121272 6) k+p—q
Eaﬁ(k,w) = (—k )= C2k+< ) 2 21klplqlk+p q sgn(yg) X V{(pCI[k+p -q1" kp.g[k+p-q] 2 (E + Eq+ Eyyp- q)z’
(B8)

where [k+p—q] is mapped to (k+p—q) in the first BZ by the reciprocal vector G. Feynman diagrams for the second-order
self energies are shown in Fig. 16(b) and 16(c). Above the coefficients C;, and C,y are

1,(2)\*
Cix= 5@%(&) 2 l%l%[— 6y1(2—1-K)xexx+ (2)x%x2 + " (2)xix%x2 +2y (k)xkx% + 7’1(1)xix1 +71(2)x,]
12

1{ 2 -

- ;1(1—2)112((1 +x7) Cy. (B9)

1
Co = 2 ( ) 2 lzl [3 N2-1-Kxx+3y2-1- k)xzkx]-XZ 2‘)’1(1)xkxlxz 291(2)xpex, — 71(k -V (k)xkxz]
1{ 2 -
s
with
- 2\2
Cy= (1—V> 2 EB27%K) + %(1) + 7(2) = dya(k + 1= 2) I} +[%2(2) = 72(1 + 2= K)](1 +x7x3)}. (B11)
12

The divergent terms in Cyy and Cyy for k— 0 are canceled out by the second terms in Egs. (B7) and (B8)."3
APPENDIX C: SECOND-ORDER COEFFICIENTS AND VERTEX FACTORS FOR THE CAF PHASE

The coefficients that appear in the second-order corrections in the Hamiltonian for the CAF phase are
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1 ! ! ! !
Cli= ( )Ellzlzz[ 67,2 -1 -K)xjx|x;+ v, (2)x

1/ ¢ _
_ lr21+ IZC/,
4<1+277>k( %) Ci

1 ,[(2)\?
Cox= —h?(;v) 2 BBy (2 - 1-K)xixs + 392 - 1 —K)x
12

2

1 g) -
— | ——)4mCL,
2<1+277 K7k

where

Lol 1+4 |
h=|—=1 -
2¢

and

- 2\2
CL=<;,)E112152{[27£(k)+y§<1>+75(2)—47§(k+1—2)]x +[5(2) = Y51 +2 = K)](1 +x]2x)D)}.
12

{zxé +91(2)x x{zxé +2y1(K)xex; "+ v (Dxx) + v1(2)x5]

Wxig = 29 (Dxgr g = 294 (2)xx) — v (K)x

—sgn(y) {
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ro12 121

(C1)

52— Y ()b’

(C2)
r |12
— } = — Xl (C3)
2¢
(C4)

For the magnetization and spin-wave dispersion calculations only the vertex factors V' and V'® are required which are

Vish == 712 = 4)x} — ¥}(1 = 4)x}xchxy — 7}(2 = 3)x} -

y1(1 = 3)x;x5x5

l ! ! ! ! r_!
+ 5[')’1(2) + 1 (Dxx; + v (3)xpx5 + i (4)x5x,

+y1(2=3=4)xix)+ (1

g ! ! ! o1
+ ( 1427 f1a3al5 + sgn(yg)x x3xg],

-3-4)x

ror 1!

oy + yi(3=2 = Dxjxf+ y1(4 =2 = 1)xixy]

(Cs)
ViSh= 712 = 4)xhxs + 71 (2 = 3)xpxg + ¥ (1= 3)xh + ¥ (1 - 4)x)x;
- 5[71(2))65)6&&1 + 713y + ¥ (2 =3 -4)x5+ ¥ (3 -2 = xjxyx;
+ v (Dxjxixg + 1 (4)xs + v (1 =3 = 4)x| + y(4 =2 = 1)xjxsxs]
g ! r ! ! r_!
- (— fiazaloesxs + sgn(yg)xx;] (C6)
1+279
with
] ! ! ! ! ! !
=311 =3) + %1 =4 + %2 -3) + %2 -4 = %(1) - %) - %) - %@)]. (C7)
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