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The SU(2) coherent-state path-integral representation is used to derive a fairly explicit expression

for the partition function Zo [1/?] of noninteracting quantum spins in the presence of an arbitrary time-

dependent external field 1. By performing then the standard Gaussian average of Zo [1/;] over 1,5 the
partition function of the ferromagnetically coupled Heisenberg model is represented in a way which
allows one to simplify the derivation of results such as obtained by Leibler and Orland [Ann. Phys.
(N.Y.) 132, 277 (1981)] and to generalize them to arbitrary spin quantum number.

I. INTRODUCTION

Consider the quantum Heisenberg Hamiltonian

1 oo
H=— > Ji;8iS;

2%

where the spin operators S; are SU(2) generators of di-
mension 25 + 1. The exchange constants J;; between the
spins at (lattice) sites ¢ and j are assumed to fulfil J;; > 0
and J;; = 0, corresponding to purely ferromagnetic cou-
pling.

Following, e.g., Ref. 1 it is possible to represent the
statistical operator e P ‘of the Hamiltonian H at in-
verse temperature 8 > 0 as a suitable normalized Gaus-
sian average over a “time”-dependent real-valued field
¥ = {1;1(7')} (3 =1,2,...; T € [0,08]) of the statistical
operator pg [1/7] of noninteracting spins experiencing 11—; as
an external field:

" 1 [P
e PH = /D1/)exp ——/ dr
2 Jo

x Z(J-l),-jz/?i(r) -Jj(f)) psl¥) , (1)

o B o =
paly] = T exp {[) dTZ¢i(T)Si} - (2)

Before proceeding, three remarks are in order. First, in
Eq. (2) T denotes the time-ordering symbol. It is nec-
essary to include, because the operator sum in the ex-
ponent does not commute for different values of 7. Sec-
ond, strictly speaking, one should require the symmetric
matrix {J;;} to be positive definite. Otherwise the func-
tional integral (1) can only be understood in a formal
way. Finally, it should be noted that no periodic bound-
ary conditions are imposed on the field 15 Instead, the
pair of random vectors 9;(0) and 9;(0) are (stochasti-
cally) independent for all sites 1.

In order to derive the equilibrium properties of the
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Heisenberg ferromagnet, one has to calculate the parti-
tion function Z = tre . By interchanging the trace
operator with the functional integration one obtains

. s Y
ZZ/Dzbexp ”;:/0 dr Y (T )i i(r) - 45(7)

X ZO ['J;] ) (3)

where
Zol] = tr palid). (4)

At this stage it would be desirable to derive a fairly ex-
plicit closed-form expression for the unperturbed parti-
tion functional ZO[J]. As is well known, e.g., Ref. 1,
such an expression is easily available for the Ising model,
whereas for the Heisenberg model the noncommutativity
of the components of 5’; poses a severe problem.

To overcome this problem, Leibler and Orland® de-
veloped for S = 1/2 a perturbative technique based
on a representation of the spins in terms of bosons or
fermions.? In doing so, they succeeded in deriving from
(3) a systematic expansion around the stationary mean
field, that is, the stationary solution of the saddle-point
equation for the functional integral. The major drawback
of this approach is that the total number of bosons (or
fermions) has to be kept fixed to 1, a fact which is rather
inconvenient in calculations. For higher spin quantum
numbers the constraint is even more complicated.

As for nonperturbative approaches, one could think
to compute first the operator pg [J] by some disentan-
gling formula of the Baker-Campbell-Hausdorff or the
Wei-Norman type®* and then take the trace. However,
as is well known,>® it seems to be hopelessly compli-
cated to find unambiguous and explicit solutions to the
differential equations posed by the disentangling prob-
lem. On the other hand, since we are only interested in
the reduced information contained in the trace of pg [J],
one may hope to proceed in another way. For example,
by representing the spin operators in terms of bosons
(or fermions) one is in principle able to write Zo[¢] as a
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bosonic (or fermionic) coherent-state path integral. How-
ever, the Lagrange multipliers being necessary in this ap-
proach for fixing the spin quantum number at each lattice
site” give rise to unphysical diagrams in the computation
of Z and, in particular, obscure its mean-field expansion.

In such a situation it is natural to ask whether one can
make progress by using the SU(2) coherent-state path in-
tegral to compute the unperturbed partition functional
Z0[1/_;] in a fairly explicit way. After all, by their very
consruction, SU(2) coherent states are best adapted to
spin systems. It is the main goal of this paper to show
that one can indeed make progress in the computation of
Z by using the SU(2) coherent-state path-integral rep-
J

zd) = [ [[Dust@d exp s/ " iy i — s
@i (0)=a:(8) 0 1+ |y

_/d

where we have put ¢ = v, + iy, ¥ = ¥, — i)y, and
%(©) = 4,. The functional measure in Eq. (5) is formally
defined as an infinite pointwise product of the SU(2) in-
variant measures,

Dus(a) =

H 2S + 1 dza

= T e
Representation (5) is well known in the literature; for
details the reader is referred to the comprehensive review
paper by Kuratsuji.® The different and important point
is that this integral can be evaluated by the change

w(r)a(r) +v(r)
~a(r)a(r) +a(r)’

a(r) =

where

The result is

sinh(S + 1) [ drQ(7)
sinh%foﬁ drQ;(T)

InZo[¢)] = Zl

where

(6)
() 1z 1 .
(1) =9; (1) + 51/)1'(7)21'(7) + *2*1/%'(7')11'(7)

and the functions z = v/% and zZ = ¥/u depend upon ¥
via the Riccati differential equations
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resentation of ZO[J]. As a consequence, it is possible to
simplify the derivation of results obtained in Ref. 1 and
generalize them to arbitrary spin quantum number by
using a minimal number of basic variables.

II. SU(2) PATH INTEGRAL FOR
NONINTERACTING SPINS

The partition function (4) of noninteracting spins in

an external fluctuating field 1/7(t) can be represented by
the SU(2) path integral

a0y

wl (3

s Pid;
e 9 Tt ) ®)

[

To avoid a possible confusion the following remark is in
order. Due to the Euclidean character of the action in
Eq. (5) dynamical variables z(7) and Z(7) are related to
each other by the so-called canonical conjugation rather
than by ordinary complex conjugation.® What is impor-
tant is that under this conjugation the time derivative
changes its sign.
The partition function thus becomes

-

- / D exp Al , ()

-

AW = —5 3 [ ardi(n) 7540 + mzold] . (10)

Representation (9) and (10) is a result which has not
been stated earlier to our knowledge. In the case of the
Ising model (¢ = i = 0) the only solutions to Egs. (7)
and (8) are z = zZ = 0. Equation (6) then reads

sinh(S + %) foﬂ d7'¢i(0)('r)
InZ In
n 0[1/’ Z sinh%foﬁ drzﬁfo)('r)

which being inserted into (9) results in the Ising-model
partition function.!'? For the general case of the Heisen-
berg model Egs. (7) and (8) cannot be solved explicitly.
Nevertheless, the representation (9) and (10) in combi-
nation with (7) and (8) turns out to be a convenient
starting point to generate the mean-field spin diagram-
matic technique introduced by Izyumov, Kassan-Ogly,
and Skryabin in the operator formalism.!® The latter
is based on the Wick theorem for spin operators; how-
ever, it differs from the conventional Wick theorem for
bosonic (fermionic) operators and results in more com-
plicated diagrams. It is therefore of interest to develop
an independent approach not based on operators. We
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present here a direct path-integral formulation of the
spin-diagrammatic technique. This representation can
also be used to describe the system in the critical region,
with 1/; being the order parameter.

III. MEAN-FIELD THEORY
To begin with, let us note that Eqs. (7) and (8) imply
d 1, -
(1 + |z|?) = 5 (P2 — 2).

This allows one to rewrite 2 in the nonsymmetrical form

Qu(r) = 9 (1) + i(7)z(7).
In what follows, it is therefore sufficient to use only the
first equation (7).
Let the stationary mean field 1/_; lo= ® be chosen in the
z direction: ®; = (0,0, ®;). The saddle-point equation

0A

() lo

(the subscript |o denotes a quantity at the stationary
point) reads

® = Jo b(3®), (11)
where b(z) = SBg(Sz) and

1 1 1 T
= + - t + - = -
Bgs(z) (1 2 )co h (1 2.5') T 25 coth 25

is the Brillouin function. To derive (11), we have put
Jo=>, i J;; and ®; = ® assuming translation invariance

for the system. Expanding A[J] around ® up to the
second order, one is led to (7= — 1 |o)

s
Z = exP{A[‘}]}/DﬁeXP{—%Z/; drdon{® (r)
x (I gnn)is (1, )" (o)
1 B ~ .
'521;/0 deam(T)(Jeﬂ’;tr)ij(Tv0')77.7'(‘7)}7 (12)

the effective inverse longitudinal and transverse interac-
tions being given by

§%InZ
J_% g\ = J":lé - ¢4
Veraa)is(1:0) = 1700 =) = G 0 550 0)
= nglé(T — 0') - b’(ﬁ‘I’)é,J, (13)
2
(egier)is (7,0) = J518(7 = 0) = zﬁ%
i ' o
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In deriving (12) one should keep in mind that

(521DZ0 _ 621nZ0 _ 621nZ0 _ (SZIIIZO -0
Yoy o PP o SPSYC [, SysyC|,
which follows from Eq. (7). One can also convince oneself

that
d 621'('7') _ 1
(& =#) 5o, = =300 =)
dzi(1=0)| _ dzi(t =p)
(@) 1o (o) |

which results in

Kij(r — o) = 2;5; ((Z))

0

= ;5 exp[®(7 — 0)] {nq>0(7' —0)

+(1 +nq>)0(a—'r)}, (15)

where ng = (e#? — 1)~! is the Bose function. Note that

ij,tr

1 —
b(BR)Ki;(T — 0) = (TS} (7)S] (0))o = GJhu (T — 0|@)
represents the transverse temperature Green function for
noninteracting spins with H = Hy = &3 5. The
factor 1/2 is related to the spin normalization chosen.
Turning back to Eq. (14), one finds
(est;

eff;tr

)i (T = 0) = J5'8(r — 7) — G

1j,tr

(r —o|®). (16)
In the energy-momentum representation this reads

J ()
1- J(GD (iwn) (4

r

Jeﬁ';tr (wns (T) =

In view of Eq. (16), the Dyson equation for the whole
propagator

Gu = G + G e G (18)
gives [Gé?)(iwn) = b/(iwn + ®); w, = 27wn/M)

© (; _ _b(pe)
Gtr (zwnaq) - E§'+iwn, (19)

where

g = b(B®)[J(0) — J(9)]

is the temperature-dependent energy of the spin wave
excitation.

The path integral (12) is easily calculated to yield the
contribution to the partition function coming from the
Gaussion fluctuations around the mean field. Denoting
by b’ the derivative of b, the result can be written as
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BF = —-InZ = —A[®] +
sinh(S + 1/2) ﬂ*I’

_n22 -
=N 2 b(6®) — Nln sinh(8®/2)

As it should do, it coincides at § = 1/2 with the result
of Ref. 1.

One of the advantages of the representation (9) and
(10) is that it gives in principle the spin-correlation func-
tions by taking appropriate functional derivatives of Z,.
In view of Eq. (6), these derivatives are calculated ex-
plicitly in terms of the functional derivatives of the so-
lution of the Riccati Eq. (7). In the mean-field approx-
imation the latter derivative appears as multiple prod-
ucts of Green functions of a linear first-order differential
equation. Higher-order derivatives can then be expressed
through those of lower order. For illustration the sponta-
neous magnetization and the transverse Green function
will be derived below.

In principle, the antiferromagnetic case could be ex-
amined along similar lines, provided the spins on one of
the sublattices are canonically transformed to

+ ¥ z _Qz
Sf - SF, S;—-S;i.

In this case it would be of particular interest to examine
wether the representation (9) could be adjusted to study
nonperturbative effects in antiferomagnets, e.g., the dif-
ference between integer and half-integer spins found by
Haldane in one dimension.!!

_J

(Si(0)) =b

92 zp( )
w“”( )8%q(v) lo

8
(ﬂ‘I’)+Z/0 dudv (7ip (w)nq (v) Yo [5f”5¢q(v)
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—lndet(J eﬁln)+lndet(J eﬁtr)

Zln

i sinh £2[1 — J(q’)/.]o].

— AV (FR)T(@)] + smh g2
2

q
IV. SPONTANEOUS MAGNETIZATION

Spontaneous magnetization is given by

[ DyeAISE (o)

(S50 = = = (S, @0
where
com_ 1 8Zy(¥)
S%(o = e T 21
= 2@ A G)) 2

is an average spin in an external field 1/_; in the absence of
spin-spin interaction. A direct calculation yields

dz;(T)
<<b + Zb / dri(T) — o5 599 () >> (22)
bi=b (/ dT(¢§0) + Zﬂzl)) .

In order to calculate corrections to the average spin
coming from the Gaussian fluctuations over the mean
field, one has to expand A['«Z:] up to the second order in
77 as is done in Eq. (12). Expanding then the functional
in {(---) of Eq. (22) in powers of 77 and calculating all
integrals, one will finally reach the goal. As is seen from
Eq. (12), corrections will appear in powers of the effective
interactions Jeg1n and Jeg;tr, namely

(55(9)

bzp(u)

v'(B2)
0

} Z/ dudv« (0) (u)7m (0)(11))>05jp5jqb"a (23)

D7 1s24
o= L2 e
fD 3924
I
By virtue of Eq. (7) one has 8622;(7)

(% - q’> w“’f(?)(;z)fq(v)

The periodic boundary condition in 7 then immediately
yields

= 555(r — o) f;;‘(”)

1
= —-Ki;(r

DA S A - 0)Kjq(o —v). 24
5 (0)8wg(v) |0 2 Hale =) 29

In view of this we finally arrive at
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(S%(0)) =b+ Z‘/ dudv [5 b I (v — u) Kpg(u — v)
—bKjq(0 — ’U)J;;;(’U —u)Kpi(u—o0)

b/l
+ 5 ip0iadpg(u—v) | +O(J2), (25)

where we have dropped the subscript “eff” in J. Formula
(25) gives the expression for the spontaneous magnetiza-
tion up to order (a/R)3, where R is the radius of the
exchange interaction and a is a lattice constant. The
analytic result (25) coincides with the expression of the
one-loop approximation obtained in Ref. 10 via the op-
erator approach.

The semiclassical spin-wave calculation of (S?) to first
order in 1/S in the spirit of the Anderson paper!? coin-
cides with the low-temperature limit of Eq. (25). How-
ever, as is seen from this formula the coherent-state path-
integral method takes into account the longitudinal spin

excitations as well as the transverse ones and is certainly
J
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superior at higher orders. In fact the exact expression
(22) generates all one-irreducible diagrams for the spon-
taneous magnetization.

V. GREEN FUNCTIONS

For definiteness, we shall consider the transverse Green
function

Gijsn(7,0) = 5 (T 57 (1)} (0)) = (G (7, ol4(2))),
(26)

where Gg?)(T,U]J(t)) is the Green function of noninter-
acting spins in the external fluctuating field 1/_;(t):

2 8%Z(¥)

Zo 63i(7)0¢;(o)

One-irreducible diagrams are generated by

GO (r, 014 (t))

Gign(rs2) =2<< ézj(g)b +Z/ dtu(t) mf 76(:2( "

+3 / dtm () 22 (62 (081, + 23(0)bmbs}

6¢i(7)

+Z/ dtldtz’l,bl tl)"/’m(t2)

dz1(t1) sz( 2)
5(@) Swi(r) o T o }>> e

The last two terms contribute to orders higher than O(J). In the low-temperature limit the representation (27) is
simplified, since the terms depending on the derivatives of b will make no contribution.

The zeroth approximation gives

o =25 b(5%) = GQu(r,010)
as it should. To first order in J.g one has .
_ B ,62:(7) | 8zp(u) 832;(7)
Gigr(7,9) = 22/ ()52 [5"’”’ 593(7) o 59a(0) lo 505 ()09 ()34 ) |
‘Sszp(“)
5¢J(a)6¢z(f)5¢q(v)
) 0zp(u) | d2p(7) 2 02p(u) | dzi(7) 0 0
ToirY 505(0) o 5%a(0) o T 895(0) [0 3a0) o] T Z‘/ ()2 ())o
1 02;(T) , 62z,( ) 5321(7')
0:pliq iq
g l P55 @0 T s e w o b )59 06O W) ] %)
From the Riccati equation (7) it follows that 2|Lnd
( d ) 532(t)
(£-%) 5 & 2o () @t~ %) 5901008 ()56 () o
dz 6%, (y1)0%p, (Y2)6¢5, (¥3) |o Sip5(t - u) 622(t) l
853 (0) 59 (v)
—da T — 0za(z) Sza(z) | _ —digé(t —v ____zz,(t) =
OB = Y1) 5 02) | o 5900 (5) | Y 5 @) o
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by employing the periodic boundary conditions. Taking
into account Egs. (15) and (24) one finds

3324(x)
8, (y1)8vp, (Y2)04, (ys) |o

1
= T2 ap (T — yl)Kﬁlﬁn (y1 — y2)Kp, 85 (y1 — y3)

and

63zi(t)
593 (0)695” (0)895” (u) lo

= S [Kip(t = u) Kpg(u — v) Ky (v — )
+(p & g u & v)].

The transverse Green function is then found to be
B
Gijualri0) = 3 [ dudvS i (rioiue)  (29)
0
P

with

Zf;;pq('r, o3 u,v) = 6;pb' K;j (T — o) Kpg(u — ’U)J;;(’U —u) — bK (T — u)Kpg(u — v)J;I',(v —u)Kpj(u— o)
—bK;;(T — 0)Kpi(u — T)J;;('U —u)Kiq(T — )
+5,~pb'.];;,(v —u)Kpj(u — 0)Kpg(T —v) + b2 Kp(T — v)J;;(v —u)Kpj(u—o)*

1 n n
+§61~P6iqb”Kij(f = O')J;p(’v = u) - b’(;quip(T — ’U.)J;p(’l] = U)Kpj (’LL - 0')
+bJ1 (v — u) Kip(1 — 1) Kpg(u — v) Kgj (v — o) + O(J?). " (30)

Each term in (30) corresponds to a particular one-
irreducible diagram with a single interaction line. All
of them are of first order in (a/R)® except for the term
marked by x which is of zeroth order. The marked term
together with G{%) makes up Eq. (18). As (a/R)? is usu-
ally regarded as a small parameter in a mean-field theory,
the Green function (18) is to be considered as the zeroth-
order or tree-level mean-field transverse Green function.

VI. CONCLUSION

We have presented a simplifying method for studying
the thermodynamics of the quantum Heisenberg model
based on the SU(2) coherent-state path integral. It pro-
vides a natural path-integral representation for interact-
ing spin systems, which directly generates the conven-
tional spin-diagrammatic expansion, usually obtained in
the operator formalism, in a rather simple and transpar-
ent way.

This fact is of particular importance, because the tech-
nique can be extended to more complicated groups. For
example, consider the Hamiltonian

H=Y J3}Q:Q;

ab;ij

with Q% being the generators of a Lie (super)group G.
In this case also one is able to start from a Gaussian lin-
earization similar to Egs. (1) and (2). In the case of
a supergroup it would involve Grassmann-valued fields
as well. To proceed further one should employ a path
integral over coherent states associated with irreducible
representations of G. The integral is then again evaluated
by a change of variables in accordance with the G' action
in the underlying phase (super)space. This technique re-
sults in an implicit analytical representation for Z which
involves a set of auxiliary fields to be taken to satisfy a
system of (super-) Riccati equations. The OSP(2|2) su-
pergroup relevant for the Hubbard (¢-J) model provides
quite a nontrivial example of this kind,'®> Q* representing
the Hubbard operators. It would be desirable to investi-
gate the Hubbard model along these lines. Such a study
is currently being pursued.
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