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Abstract. The Heisenberg antiferromagnet on the triangular lattice with interlayer coupling

is treated via a double-time Green function. The hierarchy of the equations of motion of
the Green functions is decoupled by employing the Kondo—Yamaji methods. The excitation
spectrum, the correlation function, the internal energy, the specific heat and the susceptibility
are discussed. The results have good agreement with those of the exact diagonalization and the
nearest-neighbour virtual bonding state and can be compared with some experiments.

1. Introduction

Recent years have seen a flurry of interest in the properties of frustrated quantum Heisenberg
antiferromagnetic models (HAFMs), which have the possibility of n@eNong-range

order. The triangular HAFMs are viable candidates to describe short-range order samples.
Indeed, quite some time ago Anderson proposed that the ground state of the triangular
HAFM is a resonating-valence-bond (RVB) state, which is a disordered spin liquid [1]. It

is well known that the family of high:. superconductors have layered structure with a very
strong coupling between spins in the plane and very weak coupling between planes. The
inter-plane coupling may play an important role in a disordered system.

In this paper, we start from the Heisenberg antiferromagnetic model (HAFM) on a
triangular lattice, which has strong intra-plane and weak inter-plane coupling and h&gho N
long-range order. We employ the double-time Green function following the Kondo—Yamaji
[2] methods to obtain a set of self-consistent equations, from which the spin excitation
spectra, the correlation functions, the ground energy, the specific heat and the magnetic
susceptibility can be obtained. The plot of specific heat versus temperature agrees very
well with the results obtained from the nearest-neighbour virtual bonding state (NNVB) [3].
The ground energy agrees with the RVB and the exact diagonalization results [4], and the
susceptibility can be compared with an experiment oiCBO, [5].

2. The self-consistent equations

The spin Hamiltonian appropriate for a strong-intra-plane- and weak-inter-plane-coupling

HAFM is
H = abzsi . 8j —i—J(.Zsl S
(i) (€.J)

where the first sum is over nearest neighbours in the planes/ané the intra-plane
coupling parameter; the second sum is over the nearest neighbours out the plangs and
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is the inter-plane coupling parameter. We define the ratie J./J,,, which determines
the strength of intra- and inter-plane interactions. WeJsgt= 1 (hereafter the Boltzmann
constantkz = 1), then

HZZS,"S]'—}—,OZSI'SJ'. (1)
(i.j) (L.J)

Whenp = 0, the system becomes as a two-dimensional triangular HAFM; and whef,
the system is supposed to be a hexagonal space lattice HAFM with the nearest-neighbour
distance in planes equal to the inter-layer interval.

The quantum spin operators obey the Pauli spin algebra, and the spin Green function
can be defined by

GG — j,t —t) = =it — t)([s7, s;1) = (7 (D) s ())) 2

wheref (t) denotes a step function, and -) denotes the thermal average. The time-Fourier
transform of the double-time Green function satisfies the equation

w((sg; 52)) = (([s5, HI; 57))- 3

Because the averadge®) vanishes for the short-range order systems, employing the theory
of Kondo and Yamaji, which is a Green function decoupling scheme in the absence of any
finite magnetization and can be used to describe a spin-wave-like excitation in short-range
order, we introduce the correlation or short-range oxdgrwhich is defined by

Cu = (S0 8a) = 3(sg5,) = 3(sgs5). (4)
The decoupling approximations are

(5955755 — 5550785 53)) = (95, ) (555 53)) — (5§50 ) ({555 82)) ®)
(555,756 — 508,853 8,)) = (s, 7 + 2(a — D)s;s.) ({555 5,))
—(s95,7 +2(c — 1)S0S,J)(( 5 Su)) (6)
whereos = +1. The correlation function can be expressed by
T dw .
(sps0) =1 . W{((Sé;S§>)w+io+ — (565 $,))w—io+}- (7)
The space-Fourier transform ¢fs§; s%)) reads
Gk, o) EZé’“"“sa;sn'». ®)

n

From equation (1), and from (3)—(8) we have the Green function

Cl Zs(l - ysk) + ,07<(1 - yck)
o_ 2 (9)

Gk,w)=— 7w
— W

the spin wave excitation spectrum
of = 52,1 — ) (3 — aCr+ aCz + paC3) + 5pzc(1 — ya)[p(3 — aC1+ aCs) + 3uCs]

—20C1(zs Yok + pe¥er)[2s(L = V) + pze(L — yu)] (10)
and the correlation function
C, e A(K) Wi
C,=— ) e*n’ " coth 11
N Z Wi ZkBT ( )

k
where thex [2] is the decoupling parameter, which can be regarded as the vertex correction,

3 z
2<S8_ ;> - 3(5855) C2= Z Cotp C3 = ZC;H-S
pFE=p' s

C1=(s0-s)) =
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Ca= Z Csto Vsk = Z —ik-p Vek = Zi Ze_ik'5
'« 55

S£—8
A(k) = —[z;(1 — yo) + ch(l Vck)]
and p and$ are the nearest-neighbour vectors in and out of plane respectiyeind z.
are the numbers of nearest-neighbour sites in and out of plane respectively. From equation
(11) we can obtain the self-consistent equation group as

3_ Gy AR i @k (12)
47 N4 o 2kyT
A
Z Yk (k) coth (13)
kBT
Cl ( )
s oth 14
Z(z Vi — szT (14)
Clzc V;chkA(k) Wi
h 1
Cs = Z ” cot %, T (15)
G ()
=N ;(Zc]/ck 1)4 thB : (16)

The internal energy and the static magnetic susceptibility of the system can be expressed
by

= ( > = N(z; + ,OZc)Cl (17)
g%u 2g2
9212 (2 + pzc)
x = ZC = _83—3 (18)
where
B = 3{zs(§ — aC1+ aCa+ paCa) + pzclp(§ — aC1+aCy) + 3eCs]
—aC1(2sVsk + PZeVek) (25 + pze)}/ Ca (19)

wg is the Bohr magnetory is the Lande factor and is any lattice vector.

From the resolutions of the equation group we can plot the correlation, the internal
energy, the specific heat and the susceptibility vers(see figure 1). Figure 1(b) shows that
when the ratiop = 1071% and 10°°, which means that the system nears a two-dimensional
sheet , the ground energy per site is abBylv = —0.95. This value is slightly higher than
that calculated from the exact diagonalizationl.1 [4], near to the RVB result-0.98 [1],
lower than that estimated from the variational spin-wave thee926 [1], and close to
that of them = 2 fractional quantum Hall state;0.94 [6]. Whenp increases from 0.5 to
1.0 the ground energy varies froml.07 to —1.40. Figure 1(c) shows that the curves of
specific heat have peaks aroufid= 0.75. In particular, for small ratiog = 1071°, 107°)
the curve quantitatively agrees with the results of NNVB [3]. Finally, figure 1(d) gives
some favourable results:the susceptibility peaks occur ar@uad).75 for mediump; but
as the sample approaches the two-dimensional sheet, i.e. the interlayer coupling becomes
very weak, the peaks are flattened and finally disappear. This conclusion agrees with some
experiments on non-triangular but doped samples, for exampl€uRy [5].

3. Conclusion

It is well known that a susceptibility peak occurs in undoped samples but the peaks are
flattened and finally absent with increased doping in the samples. In contrast, when the



10460 Dong Zhanhai and Wang Yugqing

0.0 : v T 0.0 T T T
(a) —0z2L (b) y
~0.4
5. 06
[ @]
SRR ARE g -0.8
Z (1) p=10""%107°
-15 -5 Moo (2) p=05 T
(1) p=10" .10 @ o
3) p=1.
(@) p=05 -2 . 4
(3) p=1.0
-1.4 .
(3)
- i 1 1 -1.6 1 1. L
02, 1 2 3 4 0 1 2 3 4
T
0.7 T T T
(c) 0.10 r : ;
- o8 (1) p=1.0 7 . (d) (1) EXPERIMENT |
D 05 L (2) p=0.5 | + +(1) 2 P=10_m,10_5
If‘l (3) p=10""10"° 0.08 @, 23; p=0.5 4
4) p=1.0
E 0.4 (4) NNVB 4 o
& o
O o3k 4 o
5 E
m 02 b ]
0.1} \\\:
0.0 0.03 ! 1 1
0 1 2 3 4 0 1 2 3 4

Figure 1. (a) The correlation functiod’; of the 3D triangular HAFM with inter-plane coupling
against the temperatut® when (1)p = 10715 or 1073, (2) p = 0.5 and (3)p = 1.0. (b) The
energy of the 3D triangular HAFM with inter-plane coupling against the tempera@tuken (1)
p=10"1%0r10°, (2) p = 0.5 and (3)p = 1.0. (c) (1-3) The specific heat of the 3D triangular
HAFM with inter-plane coupling against the temperat@revhen (1)p = 1.0, (2) p = 0.5, (3)

p = 1015 or 10°° and (4) the NNVB results. (d) Plot (1) is the magnetic susceptibjtity
from experiment for RICuQ, against7. Plots (2)—-(4) are the magnetic susceptibilityof the
3D triangular HAFM with inter-plane coupling whem= 10-1° or 104, p = 0.5 andp = 1.0
respectively.

inter-plane interactions are taken into account the susceptibility peak of the undoped sample
disappears with the decrease of the inter-plane coupling strength. The conflict between
these two cases means that even a very small out-of-plane coupling is enough to destroy the
two-dimensional energy balance between the competing structures, thus generating some
observed transitions. In conclusion, the disappearance of the susceptibility peak is not a
general feature of an isotropic Heisenberg antiferromagnet and rather must be attributed to
anisotropies and in- and out-of-plane interaction, for example, the Dzyaloshinski—-Moriya
interaction [7]. Indeed both doping and inter-plane coupling are causes of increased
frustration to the considered samples. Inter-plane coupling plays a doping-like role.

Finally, we should stress that this paper ignores the difference between in-and out-
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of-plane correlations. The in-plane correlation can be described;ay) or (s,.”s]?’) and

the out-of-plane correlation biss?). If (sf'sf) = (si's;) = (s7s7) there is only one spin
excitation spectrum. Generallys;'s?) = (s/s}) # (sis7) and the consideration of this
difference will cause the 2D-like spin waves to be split into acoustic and optical branches

and will accordingly cause changes of other properties.
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