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Abstract—The possibility of implementing a quantum-spin-liquid-type state in atwo-layer triangular spin-1/2
antiferromagnet at T = 0 isinvestigated. The ratio of intra- to interlayer exchange constants (j) is found under
which atransition from the classical state with 120° triangular order to a quantum state with zero magnetization
per site occurs; in this case, the spins of adjacent layers form singlets that are separated from triplet excitations
by an energy gap. Compared with an analogous system with the square lattice, the range of j in which the clas-
sical ordered state is realized turns out to be an order of magnitude smaller due to the effects of frustration; in
this case, the behavior of thermodynamic quantities is analogous, on the whole, to that in two-layer square lat-
tices; adifference manifestsitself in the behavior of the gap in the spectrum of quasiparticlesin an external mag-
netic field h. For small fields h, aj—h phase diagram is constructed that determines the domains in which the
120° and the singlet phases exist. It is established that, in the neighborhood of the second-order phasetransition,
the contribution, to the thermodynamic quantities, of longitudinal spin fluctuations, which are disregarded in
the spin-wave description, is comparable to the contribution of transverse fluctuations. © 2005 Pleiades Pub-

lishing, Inc.

1. INTRODUCTION

It is well known that the formation of a spin gap
between alower singlet state and excited magnetic lev-
elsin magnets leads to the situation when there is now
magnetic ordering in these magnets at low tempera-
tures. Moreover, the phenomenon of high-temperature
superconductivity is likely to have a spin-gap nature.
Therefore, a large number of model objects and real
compounds possessing the above properties have
recently been studied [1-19]. Quantum phenomena
most clearly manifest themselves in low-dimensional
systems, systemswith small coordination number, low-
spin systems, and frustrated systems [20-26]. Frustra-
tions, in particular, create or enhance the degeneracy of
the ground state [27], thus giving rise to new types of
ordering as a result of competition between quantum
phenomena and weak perturbations of different nature;
on the other hand, they lead to the effective damping of
coupling, thus significantly changing the domain where
a quantum-disordered phase can be realized.

In the present paper, we consider conditions under
which singlet and magnetic phases arise, aswell asthe
thermodynamic properties of a system consisting of
two layers of a triangular ferromagnet. Theoretical
interest in bilayer systems has been stimulated in part
by experimental factors. Experiments show that certain

T Deceased.

high-temperature semiconductors contain pairs of
CuO, layers separated from other layers by nonmag-
netic interlayers [28, 29]. Layers with a triangular lat-
tice formed by ferromagnetic He* have aso been
deposited in experiments [30].

Investigations in  two-dimensional  triangular
Heisenberg antiferromagnets have shown [31-34] that,
at T = 0, long-range ordering exists even in spin-1/2
systems; in this case, the magnetization per site is half
the classical magnetization and has virtually the same
value as that in square lattices [35, 36]. At the same
time, it is well known that, under certain relations
between intra- and interlayer exchange constants, the
interaction between layers in two-layer square antifer-
romagnets may lead to the transition to a singlet state
with compl ete quantum reduction of the spin [37-39].

The possibility of quantum behavior in bilayer anti-
ferromagnets is clear from the following consider-
ations. In abilayer system consisting of Heisenberg 1/2
spins with the intralayer exchange constant J; and the
interlayer constant J,, in the limiting case of J, =0, we
have a system of noninteracting dimersin which one of
the following four states is realized at each site: asin-
glet or one of three triplet states, whose energies differ
from the ground-state energy by the value of the
exchange constant J,. Obvioudly, the inclusion of the
weak intralayer exchange J; does not substantialy
change the situation: the width of the gap isnot equal to
J, asin the case of noninteracting dimers but is on the
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order of J, (a confirmation of this fact is given in the
text; see formula (14) below). Therefore, for a weak
interlayer exchange (J, < J,), the gap issmall, the trip-
let states at every site are populated, and the mean mag-
netization is different from zero and, in a bilayer trian-
gular antiferromagnet, should correspond to the classi-
cal 120° ordering. In the limit of large J, (J, > J,), the
triplet magnetic levels are separated from the ground
state by atoo large gap, and the system should livein a
singlet state with zero magnetization per site.

The Hamiltonian of the model (J;, J, = 0) isgiven by

H = le ST le S
a,j0 a,j0 (1)

+ Jzz SiiSy + Jzz S Sy,
i i

where [, j[is apair of nearest neighbors in each layer
and 1 and 2 are the layer numbers. The apparent redun-
dancy in the last terms is due to the fact that, under a

systematic enumeration in Z o i each interacting pair

of spinsis counted twice, while, in Zi , it is counted

once. A pair of nearest-neighbor spins of adjacent lay-
ersiscaled adimer.

2. SPIN-WAVE CALCULATIONS

We carried out standard spin-wave calculations in
the ordered triangular phase with the use of the Hol-
stein—Primakov transformation from spin operators to
the operators of creation and annihilation of magnon
deviations from the 120° triangular order. We estab-
lished that the excitation spectrum consists of two
branches each of which contains a Goldstone boson:
the first branch contains this boson at a wavevector of
k = (0, 0), which corresponds to fermionic ordering,
and the second, at k = q = (4173, 0), which corresponds
to the 120° triangular order:

B = 33:S/(1-v)(1+2v,+2j),

2
Eie = 30:S/(1+2v)(1-v,+2))>Ey,
— 1 kx ,\/é O - ‘]2
vk_3%oskx+20032003 > kE' j= 3 3

In the first order in 1/S, we obtained the magnetization
per site and the velocity of spin waves in the neighbor-
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hood of a symmetry wavevector k = g (here, N is the
number of dimers).

) 33, + 3, +31,0,/2
No = S*3-2N ST !
a,k ka
’ (4)

J
c= MJ’JlS 14822
ZA/Q 9J,

3. BOND-OPERATOR REPRESENTATION

In ancther limiting case, a spin-wave description is
inapplicable to asinglet phase with zero magnetization
per site; therefore, we used the bond-operator represen-
tation, which was first introduced in [35] and was later
applied to Heisenberg models with a competing inter-
action [2, 5, 36] and to two-layer antiferromagnets with
a sguare lattice [38, 39]. We introduce a system of
dimer states

1 S

t,O= 11 = |1, 10
[t,O= -1t = |1, -10)
it.0= iz(u +11) = [1,00 ©)

5

-1
00= —(t! =11t ) = 10,00
I [2( ) = |

and three bosons a, b, and ¢ that describe a transition
from the singlet state |000to one of the three triplet
states:

a’lo0= |t,[) b'lo0= |t,0 c'lo0= jt.0  (6)

The creation and annihilation operators of the singlet
state are defined as

s'lo0= |00 sjod= |00 (7)
The operators st and s thus defined are equal to each
other and to a constant:
st=s=uy,

which indicates that the singlet state is a condensed
state. The operator u defined by the normalization con-
dition allows usto rule out the existence of several trip-
let excitations at a single site. At a given moment, one
of thefour statesisrealized at a site and the operator of
the total number of particles at the siteis 1.

s's+a’a+b’b+c’c = 1.
Therefore,

s's=u’=1-a'a-b'b-c'cO u

(8)

= Ji—(a'a+b'b+c'c).
In terms of the new operators, the components of the
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ferro- and antiferromagnetism vectors

M=S+S,, L=S-S

of the dimer are expressed as
M* = a'a-b'b, M = ./2(a’c-c'b),
M~ = ./2(c'a-b'c), L*= —(c'u+uc), (9
L* = J/2(a’'u+ub), L = ./2(b'u+ua).

Following [38], we introduce a parameter A in the root
of the operator u,

u=Jl-Aaa+b'b+c'c),

which alows us to expand u in the approximation of
A < 1. Then, similar to the 1/S expansion in the usual
spin-wave theory, we set A = 1 in the final results. In
order that the spin commutation relations

[M% MP] = i€geyM’, [LY L] = e

[M% L] = iggp L

MY,
apy (10)

remain unchanged, we introduce the factor 1/ JX into
the three components of the vector L :
L? = —(c'u+uc)/JA,

L = .J/2(a"u+ ub)/./A,

L™ = J/2(b'u+ua)/JA.

Substituting (9) and (11) into theinitial Hamiltonian (1)
and taking into account that the relation

(11)

S;S, = —?1 +a'a+b’b+c’c
holds for adimer with S= 1/2, we obtain (Jj; = J;/A)
H=- gJZN + ZJZZ (a'a;+bb+cc)

U + + + +
+ z Eluij(ci a—byc)(ajci—cib)
i]

+J%(bju; + ua)(aju; +ujb;) (12)

l * + +
+ éJij (ciu +uc)(cju; +uic))

1 + + + + U
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wherethe operators a, b, and c satisfy the boson permu-
tation relations

+

[ai!aj] = 6iji [ai+1 a;—] = 01

[aiaaj] = O, [aiabj] = 0, etc.

4. THE SPECTRUM OF A DISORDERED PHASE

In a disordered state, the bosons a, b, and ¢ are
equivalent and a quadratic form of Hamiltonian (12) is
expressed as (U= 1)

9

H = - éJzN + Z Ak(a;a.k + b;bk + C:Ck
k

+a a, +b bl +c,ch)

+ Bu(adl + bl + b (13)
k
+a, b+ c.ch +cic),
— * [ — * - ‘]2
Ac=331(J+Vvi), By =331y, J=3J*-
1

The stability domain of the singlet phase can be deter-
mined by analyzing the excitation spectrum of quasi-
particles. The excitation spectrum of a disordered state
is determined without taking quantum corrections into
account by the diagonalization of the quadratic form. In
view of the equivalence of the bosons a, b, and c, the
spectrum is triply degenerate and has a gap at the
wavevector g of the 120° triangular order:

E. = JAI—B{ = J, /1+112vk,
Aabc = ‘]2'\/1_1” = Ek(k = Q)

As explained in the Introduction, the gap in the spec-
trum of elementary excitations of a disordered phase
(including the domain J, > J,) ison the order of J, and
isequa to the exact value of J, in the case of noninter-
acting dimers (J;, = 0).

When j > 1, the spectrum is everywhere real; when
j < 1, the spectrum becomes partialy imaginary: the
system should pass to a new state. At the point of the
phasetransition, j = 1, the gap in the spectrum vanishes,
therefore, the energy of excitations associated with the
formation of the 120° triangular order vanishes. A
Goldstone boson E,(k = q) = 0 arises that pointsto the
symmetry reduction associated with the condensation
of the new state—the 120° triangular order—for j < 1.
Thus, in this approximation, the 120° triangular order is
stable in the domain of j < 1, while the singlet phase is

(14)
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stable for j > 1. The velocity of spin waves at the tran-
sition pointisc = (3/2) J7 .

5. MODIFICATION OF OPERATORS
IN THE 120° PHASE

In the ordered phase, the operators a, b, and ¢ are
modified so as to guarantee that the mean value of the
spin at a site corresponds to the 120° triangular order.
This can be done by separating the mean value of oper-
ators of kind c at the wavevector k = q. If we set

[t = JNa = ¢ /Nad,+¢, (15)
then, for the mean value of the spin at a site in the sec-
ond layer, we obtain

- /B(1-B)
Egilj_ A

mid

cosgR, =N, cosgR,,

where B =\a2. Onecan seethat [5,[]behavesasapro-

mid

jection of the modulus N, onto the z axis at an angle
0; = gR;, where a; is changed by 4173 - 1 = 240° -

—120° (rotation of the spin) under the transition from a
certain siteto the neighboring one (R, = 1). At each site,
the spins of thefirst layer are opposite, asit must be, to
the spins of the second. Thus,

N = JB(1-PB)
0 A

isthe mean value of the spin at asitein the zero approx-
imation, and representation (15) guarantees the 120°
triangular order.

The equilibrium value of B is determined from the
minimum of the ground-state energy. In the mean-field
approximation, the energy of the ground state and 3
(0Ey/0B = 0) are given by

__3 B_s3*NE
E, = _EJZN + 2J2N)—\—6J1 Nx(l—B),
1 . (16)
Bo = 5(1-1).

Thus, the mean value of the operators ¢ (~a) and the
mean value of the spin at asitemake senseforj<1,i.e,
inthe ordered phase; at the point j = 1 of the phase tran-
sition in the mean-field approximation, al the means
vanish.

6. THE EXCITATION SPECTRUM
OF THE ORDERED PHASE

To determine the excitation spectrum in the ordered
phase, one should find a quadratic form of Hamilto-
nian (12) with regard to relations (15).
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The Hamiltonian of the ordered phase can be repre-
sented as

H = Eg+Hy+H,,

where Hy is a part that is quadratic with respect to the
operators a and b and H;jis a part that is quadratic with
respect to the operatorse. H, yields the spectrum of lon-
gitudinal fluctuations of the spin (the operators c and €
determine the mean value of the spin at a site), and H
determines the spectrum of transverse oscillations.

6.1. The Spectrum of Transverse Oscillations

L et us explain how we determine the quadratic form
by the operatorsa and b (Hp). To this end, in Hamilto-
nian (12), it sufficesto use, as u, the expression

u= W= J1-B

in the terms that explicitly contain a, b, and u, and the
approximation

u= 1—)—2\(a+a+ b'b)

in the terms containing ¢ and u; for cin Hy, we every-
where use the mean value

c=[al]
As aresult, after the transition to the k space, H; takes

the form

Hp = Z Al(aza + bib, + a a’, + bb’)

+ BE(a:bik + byaly + a,b_y + ba),
AL . 3 (17)

The spectrum of transverse modes is doubly degener-
ate, is gapless, and contains a Goldstone mode with k =
g (for any j):

E = JAU — B —JZ%H%
J%‘ J+B ‘D%" J+[32V'D’

EL(Bo) = 231(1+]) J(1+2vk)%t—i—;}vg. (19)

(18)
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where E, (B is the mean-field approximation. The
presence of a Goldstone boson in the spectrum of oscil-
lations in the plane of the layer is obviously associated
with symmetry breaking due to the 120° Néel ordering
in the plane of the layer for j < 1. The velocity of spin
waves near k = g isequal to

= 31 Ja-paf-29

6.2. The Spectrum of Longitudinal Oscillations

The terms that are quadratic in € and form the
Hamiltonian H, are contained in the following compo-
nents of Hamiltonian (12):

H, = 2J22 €€
i

1 + +
+ ﬁZJij{ (Ciu +uic)(cju; + uic)
i

—(CloUip + UioCio)(C}rono +UjoCjo) } ,

where it suffices to apply the relations

GEKHT, BONDARENKO

— + —
U= 4J1-Acc, Cc=cy+e,

and expand u in powers of A. The condensate state that
isincluded in the sum with minus sign is already taken
into account in the ground-state energy (16). Upon sep-
arating the part quadratic in € and passing to the k
space, we obtain

Hy = e+ Z{Au(8;8k+ € E5)
k

+ BL'(SESL +€E4)}, (20)
3 2
e = 5JiN i 5

l 2
Ay =al = j+ZB+B—(1+2Vk)+Vk(l_3B)’

3%, 21-P)
B|| o Bz
ﬁ =bl = B+ 5 (1+ 209 + v (1-3p).

The spectrum of longitudinal oscillations has a gap
(E,'(| (By) is the mean-field approximation) and is repre-
sented as

2 2
El = JA! -B]

21
(2B-1) (21)

_ 33#(“@1(1—8)—5(26—3)

1-B

Ex(Bo) = 33141 +2v,j°,
2(Bo) = 635 J/Bo(1-Bo) = Ex(k = ).
Thegapisclosed at the phase-transition point B, = 0. In

the neighborhood of the critical point (B, —= 0), the

value of the gap is small (&(Bo) ~ /Bo); therefore, in
calculating various physical quantities, one may expect
that the contribution of longitudinal fluctuationswill be
comparable to the contribution of transverse ones.

(22)

7. CORRELATION FUNCTIONS

We investigated the behavior of correlation func-
tions between nearest-neighbor spins in a layer,
(5,5, Lland between the layers, [5;;S;; LJin both phases:

M;+L;M;+L;
(5,50 = < ——— J>,

2 2 23

ML M, —L,
[SZiSZjD_< 2 2 >’
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where we used relations (9) and (11) and restricted the
analysis to a quadratic approximation with respect to
operators. For example, in a disordered phase, we
obtained the following expression for [§S 3 2

L2 l +t
sS? = mZZH}kb_kW b,
+ a0+ beb O+ [&,c ]

1 + +
+ 5[ i3+ e FcoskA.

The mean values in this expression are obtained by a
Bogolyubov transformation to new operators in terms
of which the original Hamiltonian (the Hamiltonian of
adisordered state in this case) is diagonal. As aresullt,
these means contain constants and the operators of the
number of particles of certain kinds with a definite
value of k; according to the Bose distribution, these
operators are equal to zero in the case, which is consid-
ered here, of amagnon gas with achemical potential of
i =0at T=0. Theremaining correlation functions are
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determined analogously. The results for a disordered
phase look as follows (j > 1):

2 _ coskA
BSH = 4ANZJTW<’
j
24
9,3 1+ 0
|:81|SZ|D_ _Z YN J

We do not present analytical results for the ordered
phase (j < 1) in view of their awkwardness. A detailed
account of al theresultsdiscussed can befound in[40].
The behavior of correlation functions is shown in
Fig. 1. Asit should be, in the limit of ] — o, the cor-
relation between spins of the same dimer [$;;S,;[Thave
the asymptotics —3/4, while intralayer correlations
[§S [tend to zero. At the transition point, the correla-
tion functions are continuous. In the limit of j = 0, the
terms in [5S[that are attributed to the longitudinal
fluctuations total zero; i.e., they make zero contribu-
tion. In contrast to modified spin-wave methods, the
correlations between spins in a layer in the singlet
phase have a finite value and increase as approaching
the phase-transition point (j = 1). The correlations
between spins in adjacent layers decrease with j and
reach a value of —0.47, which is less than that in the
modified spin-wave theory.

8. GROUND-STATE ENERGY
WITH REGARD TO FLUCTUATIONS

After the diagonalization, the components H and
H, of the Hamiltonian of the ordered phase have a stan-
dard form that allows us to calculate the ground-state
energy E with regard to fluctuation corrections,

= Z EE(O‘:ak + BBy + a0
K
+ O AD
+BBL) + ZZ(Ek -Ad,
K

Hy = g+ ZE (VY + YY)
(25)

+ 5 (Ek-AD,
k

E = E0+eﬁ+ZZ(EE—AE)

+ 5 (E-A,
k
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0.2

0

-0.2

~04

-0.6

~3/4}

Fig. 1. Correlation functions between nearest-neighbor
spins (the mean-field approximation).

and to refine the equilibrium value of the parameter 3
(0E/9B = 0). An equation for the equilibrium 3 has a
self-consistent form:

B = Bo—AZy(B),
Zy(B) = Zi(B) + Z,(B) (26)
+Z5(B) + Z4(B) + Zs(B),
_ B(2-B) B)
Z
1(B) = 8(1_p)
o1 aAEDL\k O
=0 - G w e
_ 1 aBkBk
200 = 32 9B e
_ 1 A”Dﬁ\” 0
Z4(R) = lea*ZaB[En 1%
Il
2,p) =~y BB

N12J¥ Z B gl

We calculated Z,(B) to a first approximation by trans-
forming the exact values of 3 and then used the mean-
field approximation B, for 3. The roots of the equation
are determined by the method of interval bisection with
an accuracy of 0.01. A family of functions 3(j) that cor-
respond to different A is shown in Fig. 2. One can see
that there exists an asymptote

B = Bo=5(1-])

as A — 0. A characteristic feature of these functions

for large values of A isthe two-valuedness of 3(j) inthe
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A=0,0.1,0.2,..,1.0

0.4

B=1-)2

0 02 04 06 08 10

Fig. 2. Equilibrium B with regard to quantum corrections.
The dots represent a solution to the self-consistent equation
(26) for A = 0.1, ..., 1.0; the solid curves represent an
approximation that eliminates the unphysical two-valued-
ness of the function, which isassociated with the divergence
of Gaussian fluctuations near the phase transition
(B — 0). The point at which 3 vanishes for the physical
caseof A =1isj=0.132.

region of small 3, which is physically meaningless.
Such results are attributed to Gaussian fluctuations that
indefinitely increase asthe phasetransition (3 — 0) is
approached; this fact was discussed in detail in [38].
Therefore, using the values of (3 that were calculated
away from the phase transition, we approximate the
functions in the neighborhood of the phase transition
(B= 0) so as to avoid the two-valuedness (Fig. 2).
According to this approximation, the point at which 3
vanishes for A = 1isgiven by j = J,/3J; = 0.132; i.e,,
J,1J; =0.4. Inasimilar system with asguare | attice, the
point of transition to a disordered phase corresponds to
the values of J,/J, ranging from 1.86 to 4.5 depending
on the computation method [38, 39]. As expected, the
classical 120° state triangular ordered decays much
faster than that in the square system: the domain of val-
ues of j in which the ordered state is realized is less by
an order of magnitude. Such a significant difference
may be attributed in part to the in-plane frustratedness
of bonds. For equal J; and J, in square and triangular
systems, the effective interaction of two spins in the

plane of thetriangular lattice J; provesto beweaker by
afactor of two and theratio J,/J, at the transition point
iseffectively greater (approaching that in the square | at-
tice), because the spin is not oriented according to the
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local energy minimum. It is qualitatively clear that an
effectiveincreasein J,/J; leadsto an increasein the gap
between the singlet and the triplet levels, whereby the
singlet orbital turns out to be populated earlier (inj) and
the 120° triangular order is destroyed.

9. SPONTANEOUS MAGNETIZATION

The mean value of the spin at asitein the 120° phase
isequa to

No = |05} = |5 =

——Et ul=z —
ﬁ\ 27)

x [{a+e)Jl-A[a'a+b'b+(a+e)(a+¢e)]0l

Up to the terms that are quadratic in the operators, we
have

N. = aJ1-p
’ JA
X[l 2(1 B)(mkakm [bib O+ B e )
aret AB 9
T3(1- B)(Df:kskD"‘ ks_k[D_S(l——B)z

x (e 0+ B e 0+ Bre+ @ks;m]

The means are determined by the Bogolyubov transfor-
mation, which was obtained in Section 7. As a result,
we obtain

= BBl z,py),

Za(B) = Zs(B) + Z7(B) + Zs(B) + Zo(B).

ze(mzs(%_ﬁ)z,
2-B 1Bl =9
Z(B) = TN
_ 4-3p 1 EA”
Zg(B) = WN .
I R R
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Here,
JB(I=B) _ Leoud]
A JA

is the approximation of magnetization without fluctua-
tions.

An approximation of spontaneous magnetization,
which isindependent of the table of values of 3(j), can
be obtained with the use of thefirst iterative approxima:
tion for f3:

B=B;1 = Bo—AZ,(Bo)-

Then, setting

Za=Zy(Bo),  Z=Zy(Bo),

and taking into account that A < 1, we obtain the
approximation of magnetization that isshownin Fig. 3.
This approximation has an significant drawback: the
points at which Ny and 3 vanish (the phase-transition
point) do not coincide. However, it reveals the follow-
ing characteristic feature of the function: the presence
of asmall maximum in the region of small j, which is
especialy manifest for medium values of A; this
behavior is analogous to that in two-layer square lat-
tices [38].

We have established that, in the limit of j =0, longi-
tudinal waves do not contribute to the magnetization
becausethetermsin Z, that are associated with longitu-
dinal fluctuations total zero. In the other limiting case,
in the neighborhood of the phase transition (3 — 0),

the magnetization vanishes as N, 0 /B, and dl the
terms in Z,(B = 0), both transverse and longitudinal,
prove to be of the same order of magnitude. Thus, lon-
gitudinal spin fluctuations, which are neglected in the
spin-wave description, prove to be comparable with
transverse fluctuationsin the neighborhood of the phase
transition.

It may seem that the obtained table of equilibrium
values of [3(j) allows one to determine the exact behav-
ior of magnetization. However, thisisafallacy, because
the substitution of the values of (3(j) determined with
regard to fluctuations into the integral functions Z,(3)
and Z,(B), which contain the spectrum, and are calcu-
lated only in the quadratic approximation with respect
to the operators of secondary quantization without tak-
ing quantum corrections into account, is an excess of
accuracy. In the quadratic approximation, the spectrum
is determined in therange of j (I (0, 1), the point of the
phase transition isj = 1, and the equilibrium value is
B = (1U/2)(1-j). Thesubstitution of the refined val ues of
B(j) < (1/2)(1-j), which are determined in the interval
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Fig. 3. Spontaneous magnetization with regard to fluctua-
tions. The solid curves are obtained with the use of the first
iterative approximation for 3, and the dashed curve illus-
trates the approximate behavior corresponding to the table
of equilibrium B(j) for A = 1.0.

of j 0 (0, 0.132), makesthe spectraof the ordered phase
partially imaginary (for example, the transverse spec-
trum is positive definite in the entire Brillouin zone
only if B O ((/2)(1 —j), 1)). Thus, a more accurate
determination of the behavior of the magnetization and
other quantities requires that one should either deter-
mine the excitation spectrum and the equilibrium (3 in
the same consistent approximation, which is often asso-
ciated with the elimination of unphysical states in
higher orders of expansion in the operators, or apply the
Monte Carlo method. We restricted ourselves to an
approximate determination of the behavior that is based
on the knowledge of the phase-transition point and the
characteristic form of the function. An approximate
behavior of magnetization is shown by adashed linein
Fig. 3. According to this figure, the magnetization van-
ishes simultaneously with B(j) atj = J,/3J; =0.132. The
calculations performed allow us to evaluate the mean
value of the spin at a site; it ranges from about 1/4 to 0.
Thus, the quantum reduction of the spinin the 120° tri-
angular phase ranges from 50 to 100% depending on j.

10. INITIAL SUSCEPTIBILITY

We have calculated theinitial susceptibility inafield
H = H, that is perpendicular to the plane of the layers.
Instead of the a and b bosons, it is convenient to use
operatorssand p in the field H,,

s = a+b D= a—b
2 J2
which satisfy the relation

a'a+bb = s's+p'p;
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Fig. 4. j—h phasediagram for small h. The solid curve shows
the position of the phase boundary in the mean-field
approximation, and the dashed curve shows the same
boundary with regard to fluctuations. As the field
h increases, instead of the 120° structure [41], other seven
phases become the ground state in the region of small j.

the ferro- and antiferromagnetism vectors are given by

M*=c'p+pc, M =i(c's-s'c),
z + + X 1 +
M =sp+ps L = —(su+us),
PrP R (@
i + 1 +
LY = —(p'u=up), L?= ——==(c'u+uc).
ﬁ(P p) ﬁ( )

The convenience of the new operators is associated
with thefact that afield applied along the x axisinduces
the condensation of the p field alone, which occurs at
the wavevector k = g. Indeed, the expected value of
induced magnetization

[(B(1)0= Mq(i) = (& p0

must not depend on a site; thisfact imposes a constraint
on the admissible form of the operatorsp. Inthe general
case, we have

= const(i)

= O+e;, p = O+x;

therefore,
My = (§0= [&p0= E&OpO+ E/x0
=M2(i) + AM(i) = const(i),

ME(i) = 00 = a exp(-igR) Cp

"~ (31)
= const(i) 0 CpO=t exp(iqR),

Pk = «/Na5kq *+ Xk
_ JBy

M2 = ad = = YE &
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i.e., bosons c and p condense at awavevector k =q. The
induced magnetization and the susceptibility are given
by

Mg = A/_Y+NZ Dr:k)(kD MD+AMD,
(32
= oMy = +A
Xo 3H, -0 XD Xo-

The parameters 3 and y can be determined from the
minimum of the ground-state energy €, in a magnetic

field. In the mean-field approximation (h = H,/3J7),
we have

~ _AE, 3
=— = —3LA+23,(B+
€= N >v2 2AB+Y) (33)

—2H,/By + 1831 By - 67 B(1-B),

Yo = BO[Z—(j +h3Bo)T’
= 120 gy

On the curve

(34)

(= Slie1en],

the parameters 3, and Yy, vanish simultaneously for
h # 0. This function represents a curve of phase transi-
tions in the mean-field approximation because the 120°
triangular order vanishes in this case. Figure 4 shows
the corresponding j—h phase diagram of the model.
Thedashed curve in this figure illustrates how the
phase diagram changes when one takesinto account the
effect of quantum fluctuations. The magnetic field dis-
places, as it should, the point of phase transition to a
disordered stateto adomain of greater values of j. How-
ever, such behavior of the equilibrium curve is only
characteristic of smal h; as the magnetic field
increases, the 120° triangular order is no longer the
ground state, and the j—h phase plane exhibits an intri-
cate structure in the region of small j and h and defines
the existence domain of seven phases with different
types of spin ordering [20, 41, 42]. Note that thermal
fluctuations in purely two-dimensional systems lead to
complete destruction of ordering at h =0 dueto thevan-
ishing of the effective spin length (the Mermin-Wagner
theorem). The temperature behavior of quasi-two-
dimensional triangular antiferromagnets has recently
been investigated in [43] with the example of
RuFe(MnQO,),.
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Using the obtained values of B, and y,, we deter-
mine the mean-field approximation to the induced mag-
netization and theinitial susceptibility:

M%(h — 0 — /BoYo :l@ ’
S s v A Y
(35)
0 - IME(h —0) _ 1 (1-))
. oH, T 6J,(3-))
In the limiting case of j = 0, we have X = 1/18J;,

which coincides with the results for single-layer trian-
gular lattices.

To calculate the fluctuation corrections to the mag-
netization,

1 +
AM = NZ L& X,

we should find the eigenfunctions of the Hamiltonianin
a magnetic field; in the quadratic approximation, this
Hamiltonian can be reduced to

Hy = Eo+ Hg+ Hop,

where Hg and H, are the quadratic forms with respect
to the s and ex operators, respectively. We have

Hs = Z 2A5S:S + BR(S¢S'y + ScS).
K

S

AL . 3, 3
= = _°p_2 36
TR A 2\'%’ (30
Bx
=p. = ———
The spectrum of s excitations has a gap,
Ex = 337(j +B)
B3y 0 @)
X 2V =,
%L J+[3 ‘D%l J+B E
A = Eg(k = Q)| o= 3IF ——2 —Bo . (38)
T Rt o 14<1+BO)

In contrast to square lattices, the gap depends on j;
moreover, it is closed in zero field. The spectrum of s
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excitationsin zero field transforms into the spectrum of
transverse oscillations of the ordered phase. We have

_ BB*Y)

oo = a1 py)

+ Z{ 2AGELE, + BL(EcE + EELY) (39)

+ 2A%X Xk + BE OGOk + XiX k)
+ C(Ex X+ Xk€x) + Di(EX i + € }

_ B’ 3
= +25+m(1+2vk)+vk%—3ﬁ—§%,
= [3+2(1_B—;_y)(1+2vk)+vk%L—SB—ng,
3AJ§EaX
:j+3+$(1+2vk)+vk%— —g[%
%= \ 2(1_323' 5(1+29) + v 1+y+§%,
%Ecz h+m[5+%(1+2vk) 3vk}
3J*_d = ﬂ[1+1 5o (1+2vk)—3vk}.

An analytic expression for the spectrum of cp excita-
tionsin amagnetic field is given by

EP = 33 /m+ Jm’ =¢,

m = 5al-bf+ b} + 5(c° ),

C = C,Cy, (40)

(c—d)?

€, = =

- (ae - be)(ax - bX)-

2
o= 82 (a,+D,)(a, +by).
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1
0 0.2 0.4 0.6 0.8

1.0 j

Fig. 5. Initial susceptibility. The solid curves are obtained
with the use of the mean-field approximation for 3, and the
dashed curve represents an approximate behavior that cor-
respondsto B(j) with regard to fluctuations: X~ +/B ; there-
fore, B and X vanish simultaneoudly at j = 0.132.

Unfortunately, this spectrum cannot be represented as a
compact function of thevariables(j, h), (B, y), or others.
The spectrum of cp excitations contains two branches.
The lower branch contains a Goldstone boson for k = q
and, at h = 0, turns into the spectrum of transverse (ab)
modes of the ordered phase. The upper branch hasagap
and turns into the spectrum of longitudinal (c) oscilla-
tions at h = 0; the value of the gap in the mean-field
approximation is

Acp = EE?Z)(k = q)

(41)
= 637./(j +Bo)(j —1+3By).

The diagonalization of H, yields
Ho = 5 (B-A)+ 5 2BV
k k

Ash — 0, the diagonalization of H, leads to the fol-
lowing expression (& and €, are the spectrafor h — 0):

Hop = B+ S [(Ec— A + (85— A) —O(h)]
k

+25 (e, + gbeby),
2
B0 =30 PBY) N o = A7 B2
P '2(1-B-v) oK

g, = JAZ-BY.

(42)
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Theground-state energy inamagneticfield forh — 0,

E, = Eot Bt ) (E-A)
‘ (43)
+ 5 [(E— A + (g5~ A) —O(h)],
k
allows us to determine the equilibrium values of (3 and
Yy (upon setting dE,/0p = 0 and 0E,/dy = 0). It sufficesto
refine one parameter, y; the other parameter can be

taken in the mean-field approximation because 3 and y
enter the equation

Mg = @HAMD

asaproduct. Asaresult, we obtain

V= ey

where ¢ = ¢(B, v, j, h) is an integral that contains the
coefficients of the Hamiltonians Hg and H,.

Thus, taking into account a renormalized value of y
and diagonalizing transformations, we obtain the fol-
lowing expressions for the induced magnetization:

M, = —“E‘)ymmm

and the initial susceptibility,

Xo = X3+ AXo,

where the mean fluctuation components are given by
(here, h — 0, B =By, andj = 1—2,)

Mo~«/BoV
BTN

n By
A[2(1+By) +Ad(h=0)]’

oni Bo
© O 3ITA2(1+Bo) + A (h=0)]’

1 1 2 2
AMg = -h———===" U U, (X + X,)
4(1+ BO)NZ P P )
o [22(1 = Bo) + BodT (X + Xp) + Bod'(1 + XcXp)
e+e, ’
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Ax, = — 1 1
J T 334(1+Bo)N

2.2
Upus (X + Xp)
e” + €q

"2

*{[=2(1=Po) + BodT (3 + X5) + Bod'(1 + xXp)} -

Here,

_ & O _ b
YT YT e
_ 2 2 _ § -

g = Ja —b = i = c(g), p(x),

333
Ueey(h=0) = al, ay(h=0) = ay,
o =aeux b(h=0)=bh

Bo
1-Bo

The form of the function x is shown in Fig. 5. This
function is nonmonotonic with asmall maximum in the
neighborhood of small j. The dashed line represents the
behavior corresponding to the table of equilibrium val-
ues of B3(j).

In this paper, we did not consider the possibility of
the formation of singlet pairs in a layer. In our view,
consideration of this possibility should lead to vanish-
ing of the spin at asite of x for j = 0; thus, the interval
of the 120° triangular phase will become even nar-
rower.

b(h=0) = -b/, d'=1+ (1+2v,) —3v,.
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