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Abstract. The path integral method 1s used to decouple the spin-phonon variables in the
Wagner-Swift Hamiltonian for a compressible Ising model where the exchange interaction
is expanded up to terms quadratic in displacements. A brief review is given of the earlier
work. The approximations made by the previous workers to obtain the effect of the spin-
phonon coupling on the Debye-Waller factor and the phonon frequencies are shown to
correspond to the lowest-order terms in the cumulant expansion 1n the present approach.
Finally the procedure to extend the formalism to anharmonic crystals is outlined.

Introduction

There is clear experimental evidence that the magnetic substances show an anomalous
volume expansion in the neighbourhood of the transition temperature (Gonano et al
1968, Donaldson and Lanchester 1968). This volume expansion can be understood on
the basis of the coupling between a system of interacting ions and interacting spins.
The coupling is mainly due to the fact that the exchange interaction between the spins
located on two ions is a fairly strong function of the inter-ionic distance. The distance
is modulated by the lattice vibrations which, therefore, couple to the spins. The effect
of the spin-phonon coupling on the magnetic properties of crystals on the basis of an
Ising model has been the subject of considerable interest in recent years (Matsudaira
1968, Bolton and Lee 1970, Lee and Bolton 1971, Horner 1972, Salinas 1973, Aharony
1973). Spin—phonon coupling has also been found to effect the Mdssbauer spectrum
(Bashkirov and Selyutin 1968, Nandwani and Puri 1972) and the elastic constants
(Wagner and Swift 1970).

The traditional approach to study the influence of spin-phonon coupling is to
expand the exchange and the lattice energies in terms of the displacements of the ions
around the equilibrium positions. The coupling between the displacements and the
spins is precisely what makes the problem difficuit to solve. However, if we approximate
the Hamiltonian of the system by retaining only the quadratic term in the potential
energy and the linear term in the exchange energy, it is possible to completely decouple
the spin and the phonon variables and obtain an effective Hamiltonian. This has been
shown previously by Matsudaira (1968), Wagner and Swift (1970) and Bolton and Lee
(1970). To this order of approximation the Ising exchange interaction does not lead to a
renormalization of phonon frequencies (Oitmaa 1974). However, one expects that the
phonon frequencies should be sensitive to the ordering of the spins. To obtain this
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effect in the Ising model it is necessary, therefore, to expand the exchange energy to
second order in ionic displacements. Such a term was in fact considered in an approxi-
mate way by Bashkirov and Selyutin (1968) as contributing to the Debye-Waller factor,
and by Wagner and Swift (1970) as contributing to the elastic constants. This term was
shown by Wagner and Swift to be important also in preserving the symmetry properties
of the elastic constants. To our knowledge no effort has so far been made to obtain an
effective Hamiltonian in the presence of the quadratic term in the exchange interaction.

The purpose of this paper is to derive an effective spin and an effective lattice
Hamiltonian by decoupling the spin and the phonon variables of an Ising model in
which the exchange interaction is expanded up to second order in displacements. To
achieve this, we use the path integral method first introduced by Feynman (1948). One
of the advantages of this method is that the operators are turned into classical variables.
Since the original formulation, this method has been applied successfully to several
problems such as liquid helium (Feynman 1953), polarons (Feynman 1955) and an-
harmonic crystals (Samathiyakanit and Glyde 1973).

The paper can also be regarded as an application of the path integral method to a
new area. To obtain the effective Hamiltonian we first eliminate the linear terms by
averaging over the quadratic terms. Taking advantage of the Gaussian averaging, a
cumulant expansion of the average is made. In the second step we average the displace-
ment term over that part of the Hamiltonian which contains only the spins. This
immediately decouples the partition function. The present problem is in a way similar
to the polaron problem studied by Feynman (1955). The important advantage of this
kind of approach is that successive orders of approximation can be employed to improve
upon the results. It is shown here that the previous work on the Debye-Waller factor by
Bashkirov and Selyutin (1968) and on the shift of the phonon frequencies by Oitmaa
(1974) corresponds to retaining the lowest-order cumulants in the present treatment.
We also discuss the possible extension of the method to include the anharmonic effects.

2. Wagner-Swift Hamiltonian

We consider a crystal of N identical atoms. For simplicity we assume one atom per unit
cell. The formalism can easily be extended to non-primitive lattices. If we expand the
potential energy @ and the exchange energy ¥ in powers of displacements, the
Hamiltonian of the lattice in the harmonic approximation may be written as

H = (1/2M) p A1)+ @ + O (D) + 50, Ditg(Dug(l') + ¥ o + ¥ (Duy() +3¥ (L, 1)

x ug(Dug(l) = K (Dr (1), (1)

where u,(/) is the « Cartesian component of the displacement with respect to the equilib-
rium position of the Ith ion, p(l) is the conjugate momentum, M is the atomic mass,
®d, is the static potential energy, and

¥ = $J(r(i) — 1 j)oo; )

is the magnetic exchange Hamiltonian in which o; is the single-component spin variable
of the ith ion. The external force on the ion at H{/) is denoted by K(/). A summation over
repeated indices is applied everywhere. @D, @, 1), ¥ () and ¥, ,(,I) are the
coefficients of expansion evaluated at the equilibrium positions. W4, 1), for exampile,
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is defined as
Wop(l, 1) = 02W/0u (1) Sug()lo. 3)

In the Feynman formulation, the partition function is given by
B
Z="Tr f dPu(i) f 2N, 7)) exp( —f H(t) d‘t), 4)
0

where 2™u(l, 7)) denotes the integration over all possible paths. H(t) is obtained from
H by introducing time dependence in #(l), u(l) and p(/) explicitly. The coefficients of
expansion are assumed to be independent of time. The upper limit § of the integral
means (1/kgT) and is not to be confused with the subscript § which is the cartesian com-
ponent. Tr means the trace with respect to the spins. It is convenient to define

Hy = (12M)p(hp,(1) + @ + HDopll, 1) + ¥yl Nta(Dugll) ©)

Taking advantage of the quadratic nature of H,, the partition function may be written as

B
Z=Tr f d™u(i) f DNui, 1) exp( —J [Hy(t)+ Y] dr)
0

B
x<exp{~ f Ael(@,() + Pt 7) — K (Dl ru}> , 6)
Hn
where ° ,
O, = Z;! f V(i) f 7uli, ) exp( - fo H,(1) dr)o, ™)
and ,
Z, = jd”u(i)j@”(u(i, 1)) exp(—fo Hy(7) dr). (8)

The interesting thing about writing the partition function in the form of equation (6)
is that, on expanding the average in cumulants, only the second cumulant is non-zero.
This is due to the fact that while H,, is quadratic in displacements, the exponent inside the
angular brackets is linear. Equation (6), therefore, may be rewritten as

8
Z= Trfd”u(i)f@”(u(i, 1)) exp( —J. (Hy(t)+Wo) dr+4BDy4( 1)
0

XAD,(]) + W) — K (DN @p(I) + ¥ (1)~ K1) + ﬁKa(l)Ra(l)), €)

where R(/) is the equilibriflm position of the /th ion and

B
Dyl 1) = fo Cugll, Dugll', 0)) g, dr. (10)

It may be pointed out that the partition function given by equation (9) is exact for the
Wagner-Swift Hamiltonian. The linear terms do not appear explicitly now. The
phonon and the spin variables are still not decoupled due to the presence of W,4(/, I') in
Hy. However, if we put W (I, I') = 0, the effective spin Hamiltonian is immediately
obtained from equation (9) and may be compared with the results obtained by Bolton and
Lee (1970), who used a perturbation technique, or with the effective Hamiltonian ob-
tained by Wagner and Swift (1970) with the help of a unitary transformation.

At this point a word about the equilibrium positions seems to be in order. The
displacements u(l), as has already been pointed out, are with respect to the true equilib-
rium positions which can be obtained, in principle, by differentiating the total free energy
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with respect to the external forces. The equilibrium positions evidently differ from the
rest positions determined by the minimum of the potential energy, firstly because of the
external forces and secondly because of the anomalous thermal expansion. The equilib-
rium condition may be written as:

1éInZ
- = 11
RA) = g3 (1)
which can be written, because of equation (9), in the form
(DL, 1Y@+ (I = Kp('NDw = 0, (12)

where the average is with respect to the total Hamiltonian and is defined by

8
(O>y = Z 'Tr f d™u(i) f DNuli, 7)) exp( ~f H(7) dr) 0. (13)
0

The isothermal elastic constants can be obtained by making an infinitesimal homo-
geneous deformation, R,(I) > R()+0R,(/), and by varying the external force
K, () » K,()+8K,(l). The temperature is kept constant. The expansion coefficients
®,(/) and W, ()) will change accordingly. However, D,4(l,I') which depends upon the
force constants @4(l, I') and W¥,4(/, I') is to be kept constant in the harmonic approxima-
tion. The anharmonic terms should be included in a consistent manner if the strain
dependence of the force constants is to be included. In the presence of the deformation,
the equilibrium condition, therefore, becomes

Dyl DY@y, (1, 1)+ W g (I, INOR (")~ 6K (1) ]D - = O, (14)

where H' is the new Hamiltonian obtained by changing R,(I) and K (!) to their new values.
If we retain only those terms which are linear in the deformation, the new equilibrium
positions are given by

SR = = (Dygll, 1)) uOK p(I')+ BOK - (m) <D ygll, 1) (@) + ¥p!) — K (1))
x Dy m, mYDy () + W (1) = Ky (). (13

It is evident from equation (10) that D,4(/, ') depends on the spin configuration. Wagner
and Swift (1970) approximate it by its thermal average. There is no need of this ap-
proximation if one neglects the second-order term in the exchange interaction. As has
been pointed out by them it is better to approximate D,,(/, I') than to neglect the \W,4(1, I')
term. This problem has been studied in detail by Wagner and Swift (1970) and we shall
not dwell on this any more. In the following section we try to decouple the spin and the
phonon variables in equation (9).

3. Effective Hamiltonian
It is clear that the spin and the phonon variables are coupled in the ¥ ,4(l, ) term in

equation (9). In order to achieve the decoupling, we rewrite the partition function in the
form

Z = Trexp(—fBH),) f d™u(i) f DMu(i, 7))

s
x <CXP[—J; Hy(7) df]> exp(BK (DR (D), (16)
Hs
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where the purely spin-dependent Hamiltonian, H,, is defined as

H, = ¥o—3Z,5(l, D) @uD) + (D) = KD @ylI) + ¥ (1) — K (1), (17
and

(Oyy, = [Trexp(— BH,)0]/Tr exp(— BH,). (18)

The advantage of writing the partition function in the form of equation (16) is that Z
can be looked upon as a product of two partition functions, one involving only the spin
variables and the other involving only the displacements. We may, therefore, write
equation (16) as

Z=27, (19)
where
Z, = Trexp(—fH,) (20)

and

B
z, = f dvuti) f 2¥(ui, 7) <exp[— fo H, (1) er>H exp(BK,OR(D). (21)

Expanding the average in cumulants, Z; becomes

B B
Z, = deu(i) f ¥, 7) exp[— j Hyyt)dr—4 f ol gl D) g1, I,

) B
+%(f wall, gl r)dr) ( jo e m, Dutg (n, 7) dr) (¥ 5l0, 1YW, 1),

0

i M N IIFRG MIRUN DM HE S +ﬁKa(l)Ra(l)], (22)

where H|,, is the phonon Hamiltonian in the harmonic approximation and is given by
Hyp = (172M)p,(Dp,{1) + o +3D5(l, Nuy(l, Dhugl(l', 7). (23)

The effective phonon Hamiitonian can immediately be written down. So far our treat-
ment has been exact. In practice, as we shall see later, one has to approximate Z, .
Depending on what particular physical property one is interested in, one can start
either with Z; or with Z_. First we try to study the effective spin Hamiltonian H, in some
more detail.

2.1. The effective spin Hamiltonian

It may easily be verified that D,4(/, I') that occurs in equation (17) depends only on the
spin variables. H,, therefore, depends only on the spin configuration. In order to obtain
the explicit spin dependence of H,, we proceed as follows.

D,4(1,I') can be evaluated analytically by solving the path integral (Feynman 1948)
after expressing the displacements in terms of the normal coordinates,

u(l) = (1/NM)'” Z; Q(gh)e(q4) expliq . R(1)), (24)
q,

where ¢ is the reciprocal lattice vector in the first Brillouin zone. e(¢4)is the polarization
vector corresponding to the wavevector ¢ and the branch A. For a primitive lattice,



Path integral approach 1o the compressible Ising model 231

2 =1,2,3.0Q(g4) are the normal coordinates. D4, ') then becomes

Dyy(l, 1) = (1/NM) ¥ (1/w*(gA)e.(qA)ef(g4) explig . (R() — R())] (25)
q.4
where w?(¢g4) are the eigenvalues of the dynamical matrix
M. p(q) = (/M) { D@51, I+ Wy, 1)} explig . (R(I)— R(D)]. (26)

It is convenient to write w? as
w*(gh) = wilgi)+wi(gh), (27)

where wi(g4) is the eigenvalue of the dynamical matrix without the exchange interaction
and w2(g4) is the increment in the eigenvalue due to spin—phonon coupling. The magni-
tude of w? is likely to be small compared with w{ (Nandwani and Puri 1972, Oitmaa,
1974). Therefore, it seems reasonable to write (1/w?) in equation (25) as:

{wigh)} 77 = {w.(g4)] "1 — (0lgi)/oLgh)’ +(dgh)/w (gi)*]. (28)
From equations (17), (25) and (28) we obtain by straightforward algebra
H, = ¥,—Y QNMoi(gh)” (@D + W () — KNP+ W a(l) — Kg()e(g/)ef(gA)

q,/

x [1 (g2 ou(g/)? +(wJg4)/w (g4)*] explig . (R() - R(I)]. (29)
In order to depict the dependence of H, explicitly on the spin configuration, we write
with the help of equations (2), (26) and (27),

Wl 1) = 1%, oo, (30)
and
wi(gl) = T(qi)oc (31)
where JJ(/, ') is defined in a similar manner as W,4(, ') and
T /q4) = (1/2M)e;(qA)I 51, Ies(q2) explig . (R(')— R(D)]. (32)

Re-arranging the terms in equation (29) according to the number of spin operators
appearing, we obtain

HS=H0+H2+H4+.‘., (33)
where

Ho = =3 QNMoi(g) ™ (@)~ K@) = K 4(1)e.(gef(q7)
x explig . (R()— R()],
H, = 3J{o,0;~ % (ANMwilgh) ™ elqilef(gr) explig . (R()— R()]

q.4

< LTI @) ~ K1) — (/3@ T g)
X (@,(0)— K, (D) @y Ko1)o,
Hy = Y QNMoigh) " eqg/)ef(q/) expliq . (RU)— R()]
T IO - (1N NT, (g
X (@51 = Ky + (1@ T, g i) Tl )
X (®,(0) — K ()(@y() — Kf1)]0,0,0m0. (34)
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In writing down the above equations, we have made use of the following property of the
eigenvectors:

e(—qh) = e*(gh). (35)

It may be observed that H,, is spin independent, H, contains two spins and H, contains
products of four spins. In general, of course, H, contains higher-order terms also which
may easily be obtained by including higher-order terms in the expansion of 1/w?*(g4)
in equation (28). However, we feel that the 6-spin terms may not be very important.

To compare our results with those obtained by Bolton and Lee (1970) we simply put
T;{g/) = 0 in equations (34). This is equivalent to neglecting the second-order term in
the exchange interaction. To this order of approximation Hs and the higher-order
terms in equation (33) are exactly zero. If we do this we obtain

H, = Ho+3§oi0;,— 3 {(2NMawi(qd)} ™~ 'elgh)ef(q) exp[—ig . (R()— R())]

Q.4

x [JID@y1) = Kol + 37 DI (110,010 ,0 - (36)

Equation (36) differs from the expression for the effective spin Hamiltonian obtained by
Bolton and Lee (1970) due to the fact that they expand the potential and the exchange
energy about the rest positions rather than the equilibrium positions. If we put
D,() = K, () in the above expressions, it reduces exactly to their expression. However,
we feel that the effective spin Hamiltonian obtained here is more general and consistent
with the fact that the equilibrium positions depend upon the spin configuration.

3.2. Effective phonon Hamiltonian

If one is interested in the effect of spin-phonon coupling on the phonons, it is convenient
to start with equation (22). If we define the effective phonon Hamiltonian H, by

B
Z, = f d¥u(i) f Z(u(i, 7)) exp(—- L Hy(1) dr), (37)

we obtain from equations (22) and (30)

Hy = Hyy— KR+ 350, NuDugl) <0105, + 15T, 1y (m, mu(Dug(l')

/]
X L Uy (m, thug(n, 1) de({6,0,6,0; >y, — 0,6, {6:0; D)+ ... (38)
It may be observed that H, does not contain any explicit spin dependence. Though we
started with the harmonic Hamiltonian, the effective phonon Hamiltonian contains
terms which are quartic and of higher in displacements. The spin—phonon coupling,
therefore, can be considered as giving rise to some kind of anharmonicity. The anomalous
thermal expansion could be understood as partly due to this induced anharmonocity
and partly due to the effect of the coupling on the equilibrium positions.

In those cases where the spin fluctuations and the strength of the exchange coupling
are not large, the second and the higher-order cumulants in equation (38) may be ne-
glected. To this order of approximation, the effective Hamiltonian may be written, after
substituting for the H, from equation (23), as

Hy = (12M)p(Dpa(D+ o ~ K (DR (D) + 3D (0, Ni(Dug(1), (39)



Path integral approach to the compressible Ising model 233

where the effective force constants are defined by
Byl 1) = Qupll, N+ G 100 m, - (40)

It is evident from the above equations that the exchange interaction modifies the force
constants and, therefore, the phonon frequencies are renormalized. Recently, Oitmaa
(1974) has discussed the effect of the exchange interaction on the phonon frequencies of a
simple cubic lattice with nearest-neighbour interactions. If we compare equation (4)
in his paper with our results, the approximations made by him seem to correspond to the
neglect of the second cumulant in the effective phonon Hamiltonian obtained here.

In the light of the above comments it is expected that the Debye-Waller factor
should also depend on the strength of the spin-phonon coupling. The importance of this
effect has been pointed out earlier by Bashkirov and Selyutin (1968). To obtain the
Debye-Waller factor they used the Green function method and employed a low-order
decoupling scheme. In the present treatment we may write down the formal expression
for the exponent of the Debye—Waller factor as

2W = 4n?g,g (u,l, hugll, O g, (41)

where g is the wavevector of the gamma ray. The path integral involved in equation (41)
is difficult to solve for the general case. However, if we approximate the effective phonon
Hamiltonian by equation (39), where we retained only the first cumulant, the path
integral can be done analytically after making the normal mode transformation. The
exponent of the Debye-Waller factor is then given by

2W = 2n*h/NM) ). ((g - elqh))*/@(gA)] coth(3Bhcm(gA), (42)
g,A
where @(g4) are the normal mode frequencies determined by the effective force constants
defined in equation (40). If we compare equation (42) with the results obtained by
Bashkirov and Selyutin (1968), it appears that the decoupling scheme used by them is
equivalent to the approximation in which only the first cumulant in the effective spin
Hamiltonian is retained.

4. The self-consistent theory

The above formalism is not very suitable for anharmonic crystals. The difficulty arises
mainly due to the fact that now all the cumulants in general will appear in the expansion
for the average in equation (6). When the anharmonic effects may be important, it is
better to follow the self-consistent procedure given recently by Samathiyakanit and
Glyde (1973). We wish to extend their formalism to include the exchange interaction.
Following their notation, the general Hamiltonian may be written as:

H(z) = (1/2M)p(x)pi(v) + exp(u) V)@ +3J¥,0)), (43)

where the cartesian component « and the atom index ! have been sub-summed in a
composite index i. For simplicity we have omitted the external forces which can always
be included later. V; means d/0u; evaluated at the equilibrium positions. We introduce
a model Hamiltonian

8
Ho(t) = (1/2M)p,(t)p7) +% J a)ij(‘f’ T,)ui(‘t)uj(‘r,) dr'+ %jklakaz- (44)
0
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The force constants ®; {7, 7') have been taken to be explicitly time dependent to include
the possibility of phonons with a finite lifetime. On introducing the model partition
function

4
Zy = Tr f d, f PMufr) exp( - L Hy() dr), (45)
we may write the partition function of the system as
Z = Zo{exp[~[§ (H(1)— Ho(r)) 1], (46)
where
0y = Zi'Tr f dNu; f 2N(ugr)) exp( - Jﬂ Hg(1) d‘c) 0. 47
0

On expanding the average in cumulants

B
Z =12, exp(—f CH(t)— Hy(t)) dt +3{<[[4 (H(t)— Ho(7)y d1]%)
0

— ([ (H(x) = Ho(x)) T} + .. ) (48)

In the first-order self-consistent theory we retain only the first cumulant in the above
equation and write the free energy with the help of equations (43) and (45) as

8
—BF =InZy,— f deexpu; V(D +3J%0,0)
0

~ 3 dv®yr, Vo) - 0,0, (49)

Expanding the average in cumulants and using the fact that, for Gaussian averaging
such as appears in equation (49), only the second cumulant is non-zero, we obtain

8 8
—BF=InZ, —J. dr J dr'lexp(3D; (1, T)V,V)(@ + 3400 ))0(1 — 1))
o} 0
—D,j(1, )z, )] + 3B o0, (50)
where
Dij(f, )= <ui(T)uj(T,)>- (51)
To choose the force constants (i),»j(r, v’)and JY, we use the variational principle and mini-
mize the free energy with respect to ®,(z, 7') and J¥ to obtain
®,,(1.7) = 8t — ) exp(3Dy{z, T)V, V)V, VD +3J4045,))
and

Jm = exp(dD;f{z, 1)V, V I, (52)

The above equations for the force constants must be solved self-consistently in conjunc-
tion with equation (44). It may easily be seen that, if the exchange interaction is taken

to be zero, equations (52) reduce to the expression obtained by Samathiyakanit and
Glyde (1973).
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5. Conclusion

In the present paper we have used the path integral method to decouple the spin and the
phonon variables in the Hamiltonian of a compressible Ising model where the exchange
interaction is expanded up to terms quadratic in displacements. To achieve this we
first eliminated the linear terms by averaging over H, which contains only the quadratic
terms. When a cumulant expansion of the average is made, only the second cumulant is
non-zero due to the Gaussian averaging. In the second step we average the displace-
ment term over H, which depends on spins only. This enables us to write the Hamiltonian
as a sum of two terms, the effective spin Hamiltonian and the effective phonon
Hamiltonian. The effective spin Hamiltonian is shown to reduce to that obtained
earlier by Bolton and Lee (1970) and by Wagner and Swift (1970), both of whom neglected
the quadratic term in the exchange interaction.

The path integral method appears to be very useful for investigating the effect of
spin-phonon coupling. An important advantage of this approach is that successive
orders of approximation can be employed to improve upon the results. It has been
shown here that the approximations made by Bashkirov and Selyutin (1968) in obtaining
the Debye-Waller factor, and by Oitmaa (1974) in studying the effect on the phonon
frequencies, correspond to retaining the lowest-order cumulant in our treatment.

The spin—-phonon coupling is shown to give rise to 4-spin and higher-order spin
terms in the effective spin Hamiltonian. The quadratic term in the exchange interaction
not only introduces the 6-spin and higher-order terms but also modifies the coefficient
of the 4-spin term. Recently, Aharony (1973) has studied the critical behaviour of
magnets with linear exchange coupling in the framework of renormalization group
recursion relations. Since the quadratic exchange coupling changes the coefficient of the
4-spin term, the critical behaviour may also be modified.

It is also shown that the quadratic exchange coupling induces anharmonicity in the
effective phonon Hamiltonian. These anharmonic terms are important for the study of
termal expansion. Finally we have outlined the procedure to treat the exchange coupling
in anharmonic crystals.
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