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Abstract. Finite-size behavior near the first-order phase boundary of fer-
romagnetic spherical models is investigated for block- and cylinder-shaped
systems in d dimensions. The bulk thermodynamic singularities are rounded
and, asymptotically for large size, obey appropriate scaling laws. Both short-
range interactions and long-range couplings, decaying like 1/r* ¢ with ¢ > 0, are
analyzed: the short-range results agree precisely with a recently developed
scaling theory for O(n) symmetric systems in the limit n - co. More generally, the
scaling functions are universal, depending only on ¢. Explicit aspects of the shape
and interactions enter only in the “spin wave” or “Goldstone mode” contri-
butions which appear, technically, as “corrections to scaling.” An appendix
analyzes the truncation error in the approximation, by many-fold sums, of
multivariate integrals with integrands diverging like [ ja,602]17* as 6 0.

1. Introduction

The spherical model of a ferromagnet [1] was devised by Kac and is of interest, in
particular, because it can be solved in closed form in the thermodynamic limit [2-5].
For dimensionality, d, exceeding d =2, it exhibits a phase transition if the
interactions are of short range. However, it is soluble also for long-range, power-law
interactions. Furthermore, it exhibits a nontrivial variation of the critical exponents
with dimensionality and interaction decay, which makes it a valuable tool in
studying bulk and surface critical behavior [6, 7]. The model is also tractable when
one or more of the linear dimensions are large but finite. Thus it has been employed
to test the theory of finite-size scaling [8,9] which describes the rounding or
distortion of the bulk critical singularities that must occur in a system with restricted
dimensions. These developments have been reviewed by Barber [10]; see also
[11-13] for some more recent studies.
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Another well known property of the spherical model is its equivalence to the
properly normalized limit of the O(n)-symmetric vector spin model when n—
[14, 15]. This correspondence is exact in the thermodynamic limit [15], but is also
valid for systems of finite size provided all spins are equivalent under some symmetry
operation. For the standard space lattices this is ensured by periodic boundary
conditions. It is of especial interest to us here that a bulk ferromagnetic spherical
model exhibits singularities, such as a diverging susceptibility when the first-order
transition boundary is approached by letting the magnetic field, H, vanish at
temperatures, T (> 0), below the bulk critical temperature, T,. These singularities
are the direct analog of the so-called “spin-wave” or “Goldstone mode” singularities
which characterize all systems with broken O(n) symmetry for n = 2.

The present work studies the rounding of the first-order transition and of the
“spin-wave” singularities in ferromagnetic, d-dimensional spherical models with
large but finite dimensions. We focus on those aspects that can be used to check the
predictions of a general finite-size scaling theory [16, 17] for O(n) symmetric models
in the vicinity of a bulk first-order transition that breaks the symmetry. This theory
extended a similar analysis [ 18] for (n = 1)-component or scalar spin systems. (For
further references, see the literature cited in [16-18].) For a “block” system of
volume V = L3 that has all linear dimensions L,, L,,...,L, comparable as V' — oo,
the theory predicts that the singular part of the reduced free energy density should
obey the asymptotic scaling law

fs(T9H)z V_IVV(n)(yV)s (11)
in which the basic scaling combination is given by
yy =mo(T)HV [kgT, (L2)

while my(T) is the spontaneous magnetization density (and kg is Boltzmann’s
constant). The scaling function W, (-) is expected to depend on n but not on other
details of the system. However, in the case of a “cylinder” geometry in which one
dimension, L, = L,, greatly exceeds the others, a second scaling combination should
be needed in (1.1), namely,

x=L/¢(T; A). (1.3)
For n = 2, the special correlation length entering here is given by
S(T; A)=2Y,(T)A/(n— DkyT, (1.4)

where Y ,(T) is the helicity modulus [19] or “spin wave stiffness,” while A=
L,L5---L,; is the cross-sectional area of the cylinder. We will, in fact, prove that
these expectations are fully valid for the spherical model. In addition, we will obtain
explicit expressions for the scaling functions, including the extensions that account
for the rounding of the spin wave singularities: these are missing in (1.1) since they
occur on a scale of magnetic field set by the new combination yg=
mo(T)|H|L/Y,,(T) being of the order unity. Both short-range interactions, as
contemplated in the general theory, and long-range power law interactions decaying
like 1/r¢*? with ¢ > 0 will be analyzed.

In outline we proceed as follows: known results for the thermodynamics of finite
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spherical models on hypercubical lattices [ S, 6] and various definitions of range and
shape parameters are presented in Sect. 2. Section 3 is devoted to analyzing the
rounding of the first-order transition in block shapes. The leading scaling behavior is
easily found, but the nature and rounding of the spin-wave singularities requires
further work. The analysis rests on the Appendix which obtains expressions for the
discretization errors in the approach of various many-fold sums to limiting
multidimensional integrals with diverging integrands: these discretization errors
enter directly in the calculations of the finite-size scaling functions describing the
rounded spin-wave regime, in the corrections in the first-order regime, and in the full
scaling-with-corrections form in terms of y, and u=|ys/y,| (applicable when d <
20). The rounding of the first-order transition in a long cylinder is taken up in Sect.
4. Explicit scaling expressions for the limiting behavior and for the crossover to
block shape are obtained. In contrast to the block limit, the scaling function
describing the rounding of the transition in leading order depends on the interaction
exponent o.

2. Equation of State for Finite Spherical Models

This section describes the models of interest and summarizes the results and
definitions needed for the subsequent calculations. We address the thermodynamics
of spherical models defined on d-dimensional simple hypercubical lattices of spacing
a and finite dimensions, denoted L or N, on which periodic boundary conditions are
imposed. Specifically, we write

L={L}i=1...0o N={NiJi=1...0 Li=Nsa, (2.1
d d

V=[] Li=Lj, N=]] N,=N§, V=Nda (2.2)
k=1 k=1

Each lattice site i, with cartesian coordinate vector ry=(rqy) (k=1,...,d), has an
associated continuous scalar “spin” variable s;. The spins interact via the
Hamiltonian

N N
(i,) i=1 i=1

in which the sum on (i, ) runs over all distinct pairs of sites. The factor a is included

for convenience in comparing with the general scaling theories [16-18]. The

coefficient { represents the so-called spherical field. At all T and H it is fixed by
imposing the mean spherical constraint [4—6]

(st =V/a" = (Lo/a), 2.4)

in which {-) denotes a thermal average computed with 5.

The Interactions. The interactions, J(r), enter the exact expressions for the free
energy only through the Fourier transform

Jq) = 2o J(rg). (2.5)
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In order to discuss the approach to the thermodynamic limit, L — oo, we thus choose
to define the interactions by specifying the transform J(q), over the Brillouin zone,
which we fix, independent of L. The original couplings, J(r), appearing in (2.3) then
follow by inverting (2.5) by summing, for a finite periodic system, over the
appropriate set of discrete wave vectors [see (2.14)—(2.16) below]. Unless, in the
infinite system, J(r) is of strictly finite range (i.e. of bounded support) this means that
J(r)in a finite system contains a definite but asymptotically negligible dependence on
L corresponding, physically, to summing over interactions with all periodically
repeated images. To describe “simple ferromagnetic interactions” we assume that
J(q) attains a unique maximum, J(0), at q =0 and is analytic for q#0. To
characterize the long-distance decay of the potentials, which affects the existence of a
transition and the values of the exponents describing the spin wave and critical
singularities, we introduce a positive exponent ¢ and assume

N d a/2
J@)= J(O)[l —@at <k; Rfllf) + O(Iql”")], (2.6)

with 6 >0. The value o =2 (with, typically, § =2) characterizes short-range
interactions; it follows that values o > 2 are nonphysical in general, although the
analysis is not affected. Values satisfying 0 <o <2 correspond to long-range
potentials decaying essentially like 1/r,**° with

ro=[(r1/Ry)* +(ra/Ry)* + - + (ra/R)’] 2.7)

Evidently the R, specify the anisotropy of the interactions. It transpires that there is
no phase transition unless

o<d, (2.8)
which condition we shall thus presuppose whenever needed.

The Equation of State. The computation of the partition function, Z, for the spherical
model as specified here is described in detail in Refs. [4-6]. From the reduced free
energy density, f = F/kgTV = — V ~!In Z, one computes the magnetization per spin

m(H, T;L)=N‘1Z<si> = —(0f/0h), (29

where it proves convenient to put
h=H/kyT and K =J(0)/2dksT. (2.10)
The result can be written
m=a’Hd/J(0)¢ = a®h/2K ¢, (2.11)

where ¢(H, T; L) represents the appropriately shifted and scaled spherical field [6],
which must be determined via the constraint

al 1

2K(1 —m?) = 72¢+_.Q’ (2.12)
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in which the interactions enter through

Q,=0(0)=2d[1- J(q)/70)]. (2.13)
The wavevector sum runs over the discrete values specified by
2n 27
=0= = —Di1se- s , 2.14
qa 0 0(p) <N1p15 ’Ndpd> ( )
where the integer vector, p = (p,), is determined by
pe=0,+1,+2,..., (modN,). (2.15)
Thus one has the alternative form
Ni—1 Ng—-1
@V)Y=Ng*y . ¥ =N1Y. (2.16)
q p1=0 pa=0 P

It is convenient to specify dimensionless interaction ranges, p,, via

d
Ré=T] R, and p,=Rya, (k=0,1,...,d), 2.17)
k=1

and system shape ratios, 1 = {I,}, by
lk=Lk/L0=Lk/V1/d=Nk/No. (2.18)
Then as |0 — 0, one has, from (2.6),

d a/2
ao~| 5 et [ .19)
k=1

where here, as usually below, we do not display explicitly the error estimates
following from the |q|° " term in (2.6). For small | p|/N, this may be transcribed into
the useful form

2 a d o/2
Q(G)z( 1’;’:") I;; wkpf:| : (2.20)

which serves to show that the finite-size effects depend, asymptotically, only on the
parameters = {®,;} with

@y = (pu/Pol)* = (Ry/Ly)*(Ro/Lo)*. (2.21)

For interactions and system shapes respecting full cubic symmetry one has w, = 1
(all k).

Finally, note that in the thermodynamic limit, L — o0, taken with ¢ # 0, the sum
in (2.12) becomes an integral over the basic zone. Eliminating ¢ with (2.11) then
yields an implicit equation for the magnetization m(H, T). As H—0 + below T,, m
should approach the spontaneous magnetization my(T): if this is nonvanishing we
obtain from (2.11),

¢ ~a’h/2Kmy(T), as H—0+, (2.22)
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for T < T,. From (2.12) the spontaneous magnetization must then be given by

dsT [ 2 Ye), (2.23)

m(D =10y}

where [ =[d‘0/(2n)* denotes a multiple integral over the rescaled zone @ =
(2]

{0;16,] < m}. The critical temperature, at which my(T)—0+ follows from
2K, = J(0)/dk, T, = | 27 1(6). (2.24)
]

The integral here is formally divergent for d < o which, on paying closer attention to
the details, shows (as mentioned) that there is no transition unless ¢ <d. On
combining (2.22) and (2.23) one finds simply

mo(T) =[1—(T/T)]"". (2.29)

3. Rounding of the First-Order Transition in Block Geometries

We will now investigate the form of the rounding of the first-order transition below
T, that occurs in block geometries: more precisely we consider the limit V, Ly — oo
with the shape ratios, I, = L,/L,, asymptotically fixed and nonvanishing.

Now, as seen in deriving (2.23), the vicinity of the phase boundary corresponds to
¢ small and T < T,. As ¢ —0 in a finite system the ¢ =0 term in the sum in (2.12)
diverges. Accordingly, in the equation of state (2.12) we separate off this term,
a’/Vé =1/N¢, and subtract expression (2.23) for m3(T). Gathering up matching
terms then yields

2K(m§ —m?)=1/N¢ — eo(N) — ¢U 1($; N), (3.1)

in which all the dependences on T, or K, ¢ and L = Na have been displayed while,
more generally,

1 1 1

N=(— =y )
e(( ) ,L[Q(o)]z+1 Np§0[9(0)11+1 2 (3 2)
provided (i + 1)o < d so the integral exists, and
1 1
U N)=— .. 33
EN=F 2 (5 001207 G3)

Our main task is thus to analyze ¢, the difference between an integral with a
divergent integrand and an approximating sum, and the sum U,(¢) which, since
d > g, should be well approximated by an integral as N — co provided ¢ >0. The
former problem is considered generally in the Appendix from which one finds that e,
vanishes as 1/N8~°: see further below. The latter question is taken up in detail
shortly: here we observe merely that when ¢ — 0 one has ¢U,(¢) = 0(¢“~7/?) - 0.

Leading Scaling Behavior. The observations regarding e, and U, enable us to
obtain the leading behavior near the first order transition directly. For finite N and
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¢ — 0 the first term on the right of (3.1) dominates e, and ¢U . Then by using (2.11)
we obtain the asymptotic equation of state,

m2 —m? ~ m/hV, (3.4

where the nature of the corrections will be made precise later. This result may be cast
in the anticipated scaling form

m(H, T; L) & mo(T)Yo(yy), (3.5)

where the appropriate scaling combination of magnetic field and volume is
yv =mo(T)VH/kyT = H/Hy, (3.6)

just as expected generally [16—18]. The scaling function is found to be
Yo(y) = 2y/[1 + (1 +4y*)"2], (3.7
which also agrees precisely with the prediction of the phenomenological theory [16].
To interpret these results [16—18] note the limiting forms.
Yo(y) =y + 0(°), asy—0,

= +[1—3lyI"' +0(lyI™»)], asy— +oo.

It follows from these, with (3.6) and (3.5), that for |H| > H,, ~ 1/V the magnetization
takes the values sgn(H)m(T), while for H « H, it passes smoothly through 0; note
that the zero-field susceptibility diverges as

w(H =0, T;L) ~ m3(T)V /kyT, (3.9)

when V — oo. Thus the jump from —m, to +m, across the phase boundary in the
limiting bulk magnetization is smoothly rounded off, as it must be in a finite system,
on a scale |H| ~ Hy,. Note, further, that none of the leading asymptotic behavior at
the first-order transition depends on the dimensionality, on the actual shape of the
lattice, or on the details of the interaction decay or anisotropy.

(3.8)

Spin Wave Singularities. Before studying the corrections to the leading scaling
behavior it is appropriate to examine the full equation of state, (2.12), in the
thermodynamic limit and to obtain the behavior of the magnetization for small H
(below T.). This entails the integral

00 p— 1 p— —_ .
0%(¢) = ém—ﬂ(c dU (¢; ), (3.10)

which is of a well-studied type [e.g.: 5, 6, 20]. The first I — 1 derivatives of Q*(¢) are
bounded at ¢ =0+, where I = I(d, 6) is the integer defined by

Io<d=<(I+ 1)o. (3.11)
For d # (I + 1)o, one readily finds
0°(@)=bo—byp+ - + by (=) 1 + b, d”[1+0(1)] (3.12)

as ¢—0; on the borderline d =(I + 1)o the final, singular term becomes b, ¢'(In ¢) x
[1+0o(1)]. The coefficients b,=2K,, by,...,b;_, depend on the details of J(q);
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however, the singular amplitude b, is a function only of d, ¢, and the range ratio p,:
see (3.22) et seq.

By (2.22) ¢ varies as h/m, when h—0+ in the thermodynamic limit, so we
conclude that the bulk isotherm has a parallel expansion of the form

m(T, H) = mo(T) + x1(T)H + 31(T)H? + -+ + T (TH!

1
=1y
b THE T+ of1)], 6.1

for H—0+. Note, in particular, that the I"* order nonlinear susceptibility y,(T, H) =
(¢'m/oH"); diverges as the phase boundary is approached. This divergence is a
symptom of the ‘spin wave’ singularities characterizing broken O(n) symmetric
systems for all n = 2 including n — oo [16, 19]. These singularities must, clearly, also
be rounded in a finite system, but the leading scaling form (3.5)—(3.7) contains no hint
of them. We will show, in fact, that they are rounded but primarily on a second scale,
Hj, which is asymptotically much larger than Hy, (although both vanish as V' — co).

Asymptotics of e; and U;. To proceed further one needs more concrete information
about ex(N) and U (¢; N): these functions may be conveniently regrouped to mirror
(3.10) as

1 1
Q(¢;N) =2K, — eo(N) — pU ($;N) = Z T 00) (3.14)

p#O

One may then expand, in parallel to (3.12), to obtain

Q(;N) = Z (b — eMN)](— @) + (— ¢Y Ux$; N), (3.15)

where ¢(N) and U /¢, N) are given by (3.2) and (3.3).
As mentioned, the truncation error, ¢,N), is analyzed for N = N% — oo in the
Appendix. One finds

e(N) ~ D(d, (i + 1)a; @)/(2mpo) T VNG 1, (3.16)

fori=0,1,...,I—1 where for fixed d, o, @ and i, the residual corrections decay more
rapidly with N,. Note that the ¢,(N) themselves decrease most rapidly for small i.
Explicit expressions for the amplitude D are constructed in the Appendix: it depends
only on d, on g, and on the individual shape/anisotropy ratios w, defined in (2.21).

Now the spin wave singularity in (3.12) arises from U ;(¢; N) in the limit N — o0, as
a divergence of the limiting integral like 1/¢** for A = (I + 1)0 — d > 0, but asIn ¢ for
A = 0. Since this divergence arises from small values of 8, we may invoke (2.20), which
we write as

d
2(6) ~ 2npoP(@)/No]" with  P(@)= ¥ o}, (3.17)

in order to obtain the leading singular behavior of U; as N — oo. It is appropriate to
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define the scaled spherical field as
v=@(No/po)” = LG/RG. (3.18)
Then we expect U (¢;N) to be approximated asymptotically by

0,0) (N 0 ) L Swe) (3.19)
=\ — | =5 w), .
! po ) PENG

where we presuppose A =(I + 1) —d #0, so that

. © [2nP(@)]7""
S o) = Eov + 27P (@)

In fact it is straightforward although tedious to examine the difference U, (¢p;N)—
U,(v), and to show that at fixed v it vanishes as N — co. In this calculation it is
natural to restrict p in (3.20) to the bounded domain (2.15). However, as |p| — oo the
summand in (3.20) decays as 1/|p| * V? when |p| — oo which, since A > 0, means the
leading behavior is preserved if the sum is extended to all nonzero integer vectors:
this extension will be understood as the meaning of (3.20). When v— oo an
approximating integral suffices for estimation and one finds

(3.20)

Sw; @)~ G, w4717 asp— oo, (3.21)
there being no limiting dependence on w since
ddlll Tld/Z(ZTC)l —d

G = = . 3.22
w1 Q)1 +y°)  oI(Gd)sin[n(d—Io)/o] (3-22)
From this one obtains ¢'U, ~ G, ,p *¢“~ /%, which reconfirms (3.12) and provides

the result b, = (—)'G,./p§.
In the borderline case A = (I + 1)a — d = 0, the truncated sum in (3.20) cannot be
extended and, in place of (3.19), one obtains

Ui N) = U,(v) = pg “[CaIn No + S, (v @)], (3.23)

where the coefficient C; depends only on d, while S, is given by a form generalizing
(3.20) which we will not explore. Indeed, since our main purpose is to study the
generic scaling behavior, we will focus below only on the cases d/o nonintegral
(A4 # 0). One knows from many studies that logarithmic factors commonly appear at
borderline dimensionalities; but this is a technical complication which poses no real
theoretical mysteries! Nevertheless, we should admit that for short range forces,
when ¢ = 2, we will not be exhibiting further results for the theoretically fashionable
case d =4.

Finally, on assembling the results in (3.13) we may write (for d/o nonintegral)

O(¢; N) — 2K, = — eo(N) — ¢U (¢; N)
~ ¥ bi(— ¢ = (@/psNy ) Ys(v; @), (3.24)

where the basic “spin wave” scaling function with argument (3.18) is

Ys(v;d, 0; ) =%§; (2m)~ "D, (i + 1)o; 0)(—v)' —3(—v)'S(v; d, 53 @), (3.25)
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where now, if [x] is the integral part of x, we can take I = [d/c], while S is deﬁnecl in
(3.20) and D in (A7). Recall also that the coefficients b; depend on the details of J(q)
through (3.10) and (3.12).

Asymptotic Equation of State. We can now study all the corrections to the leading
equation of state (3.4) by combining (3.24) and (2.11) in (3.1) to obtain, finally, the
basic formula

a’ L h
2 _ 2 I T i 0 .
my —m* x o " 2 E B {h/m)' — KRILA— YS<2K<R0> w>, (3.26)

in which b, = (—a?/2K)'b; (and d/c is nonintegral). This result gives the limiting
behavior and leading asymptotic corrections for small |H|(<a 9J(0)m,) by
whatever route L, (or V) diverges. To study its implications note first that at fixed
H >0 the first term on the right vanishes when ¥ — oo, while the last, spin-wave term
contributes asymptotically only through S(v) with v— oco. Thus with the aid of (3.21)
one checks that the bulk result (3.13) is reproduced, the spin wave singularity arising
entirely from S(v) and its amplitude, y,, following from (3.22).

To proceed further, we introduce two additional scaling combinations, yg and u,
and a new field scale, Hg [16]. Thus, recalling (3.6), we rewrite (3.18) as

v = yslmo/m| = uyy(mo/m), (3.27)
through which the spin-wave scale, Hy, is set by
a’|h|Ng _da"IHng |H|

= = 3.28
ST 2Kmeps J(OmoRS ~ Hg’ (3.28)
while the ratio of the scales is
ys _Hy < da’kyT ) 1
wT;L)=—">=—— = —. 3.29
GO =1,1= 1, =\ Tomamrg ) 15 (329

Note that this parameter is essentially the prefactor of the Yy term in (3.26): it is
independent of H and vanishes as L — co. In renormalization group terms u
represents the scaled form of the leading irrelevant variable which controls the
dominant corrections to scaling (see [16]). For systems with short range interactions
it can be written [16], using (2.25), as

ulL)=kyT/Yo(TILG™ 2, (0=2), (3.30)

inwhich Y o(T)is an isotropic (geometric) average helicity modulus [19] derived from
the individual helicity moduli,

Y (T)=(J(O)RZ/da®)[1 —(T/T.)], (k=1,...,d), (3.31)

which measure the response to an imposed “twist” of the order parameter along the
lattice axes. For isotropic nearest neighbor couplings this formula has been
established by Barber and Fisher [6]; an alternative derivation of the general result
follows from the analysis of the next section.

Spin Wave Regime. In the regime H » H, ~ 1/V, there will be no evidence of
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rounding of the first-order discontinuity in m(H, T; L) but the spin wave singularities
will be rounded when H < Hy. To see this explicitly note that the term m/Vhin (3.26)
may now be dropped, the equation may be solved iteratively, and then to sufficient
accuracy one may put m =m, in (3.27), the argument of Yy in (3.26). This yields

1=1] .
m(H, T; L) ~ sgn (H)[mo(T) + ; EXi(T)IH "+ mo(T)u(T; L) Ys(ys; w)], (3.32)

where the bulk nonlinear susceptibilities, y;, were introduced in (3.13). The sum in
which they appear represents what, in critical point studies, is often called the “bulk
analytic background.” The last term evidently represents the spin-wave singularity
rounded on the scale | H| ~ Hg set by yg = O(1): recall that Y is defined explicitly
through (3.25) and (3.20).

Full Scaling Form. If one has 6 < d < 20, so that I = 1, the surn in (3.26) is absent and
the spin-wave singularities in the bulk limit dominate the background terms. In that
case both spin-wave and first-order rounding can be encompassed in a single scaling
formulation. Specifically, with (3.29) and (3.6) we may write

m(H, T; L) = mo(T)Y(yy, u; »), (3.33)
where the scaling function Y(y,u) satisfies the equation
Y2+ Y/y=1+2uYsuy/Y;w). (3.39)

Now (L) is small in all regimes as L. - o0, and so we may solve this equation by
expansion in u provided we preserve the “irrelevant but dangerous” [16,18,21]
combination uy (which varies as yg when L — c0). By iteration this yields

Y(y,u)= Yo(y) + uY,(y, s @) + O(u%), (3.35)
where Y, is given by (3.7) while
Yi(y,u;@) = 2)(1 +4y*) "2 Ys{3ull + (1 + 4y} @} (3.36)

These scaling expressions, valid for d < 20, confirm the n— oo limiting behavior
predicted by the general theory for ¢ =2 [16].

First-Order Regime. For d > 20 (or I Z 2) the sum of powers of h/m in (3.26) plays a
role and the corresponding background terms now dominate the spin-wave
singularities in sufficiently large fields. An iterative procedure may still be used to
find explicit approximations for Y = m/m, if one substitutes h/m = y,,/m3YV, but the
formulae are more complex because of the interference between “corrections” and
“background.” Simpler results can, however, be obtained in the rounded first-order-
region: y, = O(1) or | h| < C/m,V with C bounded. Indeed, the ratio |h/m| then ranges
only from 1/kzTx(0, T; L) ~ 1/m3V in zero field, using (3.9), to |h/my| < C/miV, and
so is negligible when V — o0. Accordingly, the sum in (3.26) can be dropped leaving
the spin-wave term, Yg(v; ), whose argument satisfies

v~ uyy/Yo(yy) R ull + (1+4)7)"2] = 0u) >0, (3.37)

as L — oo. Thus to leading order in u we require only Y(0; @) which is represented by
the i =0 term in (3.25).
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In summary, the rounding of the first-order transition on the scale | H| = O(H,) is
described correct to first order in u by

(3.38)

m(H, T; L) zmo(T)yy[ Did, 3, w)u }

T+ (+4y2)72 T 2nyr( + 422

where, as before, y, =moHV/kgT and D is given in (A.7). Inspection of the
arguments yielding this result reveals that it is valid for all d/o > 1, since only the
i=0 term in (3.25) is entailed: this is equivalent to ey(N) in (3.24) for which (3.16)
remains correct even when d = (I + 1)o. By differentiation we extend the result (3.9)
for the zero-field susceptibility to

m3(T) Va4 D(d, o; w)da® |

0, T;L)~ =
KO TL > 2V + e doRg 2o

(3.39)

where subsequent terms are O(1, L2° 9. These expressions again agree precisely
with the results of the general scaling theory [16] in the limit n — oo (although factors
like n/(n + 2) regrettably remain unchecked). It should be remarked, however, that
the lack of temperature dependence in the second term in (3.39) is an accident of the
spherical model: more generally [16] there should appear a factor m3(T)/ Yo(T)
which, for more realistic models, varies significantly with T [19].

This completes our analysis of the block limit. We consider now cylinder shapes
with one very long or even infinite dimension.

4. Cylinder Shapes

To discuss a cylinder, with periodic boundary conditions, in which one dimension,
say L,, can become indefinitely large or even infinite relative to the remaining
dimensions, some supplementary notation is helpful. With

N,=N,, L,=L, 0,=6, p,=p, etc, (4.1)
we write
N=(N,N,), L=(L,L), 0=(,0), p=(p,p.) etc, 4.2)

and define the cross-sectional area
d
A= ] L=L{"'=(N,a' . 4.3)
k=2

Since we wish to study the rounding of a first-order transition in a system of finite
cross-section even in the limit L, = co we must take ¢ = 1, to exclude a transition in
the latter case, but ¢ < d, to have a transition in the full bulk limit (L,, A — o0). To
avoid unilluminating mathematical complications, we will neglect the borderline
case ¢ = 1 and restrict attention here to range

l<o<d. (4.4)

To proceed we need an exact expression for the equation of state which parallels
(3.1) but which suitably separates the longitudinal, ||, terms from the transverse, L,
terms in such a way that the infinite cylinder limit L /L, —co may be taken.
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Accordingly, using (3.2) and (3.3) in (3.1), we remove from the sums on p those terms
with q, =p, =0. Then, writing

9(0”, 0)= 9”(0”) ~ (277:/)1/N||)6|pu % (eu —0), 4.5)
and regrouping yields
1 1
2K(m§ —m?) = N$ + NI T Ul$; N,) — eg(N) — U1 (¢; N), (4.6)
in which
1 1
M= Zoo+ 2,0 “n
Nty b
M= o5~ L, a0 @3)
1 1
Ui(p,N)=— >y — —— 4.9
@N=§ L (57 20190) )

pL#0
Apart from the restriction p, # 0 in place of p # 0, the last two definitions precisely

parallel (3.2) and (3.3).
For large N and small ¢ we may use (4.5)in (4.7) to obtain the asymptotic result

Uo(d; N )= W(w)/p, ¢~ %, 4.10)
where the scaled argument, to be compared with (3.18) and (3.28), is
_ @¢N7  da’kgThL

Y= Crp T @Ry IOmRS’ @11
while the scaling function is
1o wle
Wiw)=_ ,,; TE o (4.12)
which satisfies
Ww)xn Y oWV as w0+, (4.13)
W(o0) = 1/0 sin (n/a). (4.14)

Consider next the truncation error, eg(N, N ), in the limit N, — co. The sum on
p1 (=p,) then becomes an integral and with d'=d — 1 one obtains
de 1
eé(w,N)=<fﬁ—W > )gl((h), (4.15)

Lp,#0

where one finds that the operand behaves as

d’ -0’2
9.(0,)~[I'Ga")2 \/;r(%a)Pl] <kzlpl%'+1el%'+1> ) (4.16)

when |0,|—0, with ¢’ =06 — 1. An appeal to Appendix A then establishes the
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asymptotic form
I'Go—)PDd—-1l0- 1l @)
2 /nlGo)2mp ) p,NY°
where p4~ ! =[]i-, p. and the cross-sectional shape enters through @, defined in
analogy to (2.21). Evidently, as in the block case, the truncation error is essentially
proportional to 1/L45°.

One may further consider the difference

eb(o0,N ) ~ (4.17)

1 = ol 1

eg(N) = e§(N) — eg(00,N )= < N,,,)Nd 1p§0 (91, 5 (4.18)
which vanishes as N — o0. We have not analyzed this in details but one may
anticipate that it decays like 1/N' ‘u‘“’ times a bounded factor depending on the shape
through @ [see (2.21)].

The last contribution, U(¢, N), can be analyzed as in Sect. 3 in parallel to
U,(¢,N). For our present purposes it suffices to approximate the sum by an integral
to conclude

dU1(p,N)=0(¢?, 6=min[1,(d/c)—1], as ¢$—0. (4.19)

Asymptotic Equation of State. On collecting the asymptotic results the equation of
state can be written

s o,m dkyT 1/a gld=a)la m (e—1)/o 5 [ ~d+o [ ~d+e
i —m _Vh+(_j(0) i) weorme L L,
(4.20)

where w(h/m, T; L,) is given by (4.11). This may be compared with the block result
(3.26); the remainder terms here evidently describe the background terms of order
(h/m) (i=1,2,...) and the spin-wave corrections which are controlled in relative
magnitude by the parameter u oc Ly ?*“ defined in (3.29). We will not discuss these
higher order effects explicitly for cylinders.

To elucidate the scaling features of (4.20), consider first the zero-field suscepti-
bility, xo = lim,_, o(m/h), of an infinite cylinder for T < T,. From (4.20) one finds

j(()) e—1) (= plmgA o/(c — 1)
= T, | — = )
20, T; 0,L)) <da"'“> osin| )T , (421

which, for short-range interactions (¢ = 2) yields a divergence as A2 (in agreement
with [16-18]).

Longitudinal Correlation Length. Now, guided by the heuristic arguments [16-18]
we would like to introduce a new scaled field variable

ya=hmo(T)A|(T; A), (4.22)

in which ¢, is a measure of the scale of decay of the correlations along the length of an
infinite cylinder of finite cross-section. In the case of short-range interactions this
decay is exponential and is controlled by the location, at ¢, = + i/, of two poles in
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the zero-field propagator or susceptibility 75(¢,,q, =0), these being the closest
singularities to the real g, axis. The propagator is always proportional to
1/[¢(0, T; 00, L) + £2(q,a,0)] but, for general o, is singular at g, =0, resulting in a
scale-free, power law component in the decay. However, poles which yield the
longest spatial scale are still present and we use them to define ¢, by taking

&= Ry/[9(0, T; 00, L)1V = p, [FO)g /da=1",

: ajO 2 1/(c—1)
~ <0‘ Slntgzl{(z)‘f;cl ’I{ )mg A) = X”(T)AI/(”_I). (4.23)
B

For nearest-neighbor interactions of strength J,=J(0)/2d we have ¢ =2 and
p; =1, and so obtain

&(T; A) ~ 4J gmd(T)Afa’~ 2kyT. (4.24)

According to the phenomenological theory [16,17] this correlation length should
be related via (1.4) to the helicity modulus, Y(T) [19]. This relation is, in fact,
precisely verified since for the spherical model one has [6]

Y/(T) = lim Y, /(n — 1) = 2J gm(T)/a* 2. (4.25)

More generally, for spatially anisotropic interactions of finite range one may, as
mentioned in Sect. 3, introduce a helicity modulus tensor with diagonal components
Y (T)(k=1,...,d). By using (4.23) for other orientations of the cylinder axis, one sees
for any short-range spherical model that this should be given by Y, (T)=
[J(0)R?/da*] m¥(T) in agreement with (3.31).

Scaling Forms. With the aid of the scaled variable y,, we may write the equation of
state for an infinite cylinder asymptotically as

m(H, T; o0, L) & mo(T)Y ,(y o). (4.26)

The scaling function, Y, follows from (4.20) in which w— oo by (4.11): it is the
solution of the equation

Y, /(1 — Y2)7e=D = g sin (n/a)y,. 4.27)

For short range forces (o = 2), this expression confirms the result obtained in [16]
for the limit n— co.

Finally, we expect [16] the crossover from the cylinder limit, L, /L — oo, to the
block limit, L;/L, and L,/L, bounded, to be described by

m(H, T; L) = moY(yy, y 4)s (4.28)

where, as before, y, = myhV. To derive an equation for the two-variable scaling
function, Y, note that we can rewrite (4.11) in scaled form as

w=(2n)"osin(n/0)(yy/y )Y 4/ Y(Vvs V1) (4.29)
Then (4.20) yields

1—Y?=(Y/yy) + [osin(n/0)1"/(Y [y )~ VW (w), (4.30)
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in which w is to be given by (4.29).
To check that this reduces correctly for long cylinders note that

v =y4L/LIX(T)] with t=(d-1)/(c—1), (4.31)
where X is defined by (4.23), and we can write
w=yL,/L%)[0sin(n/0)/2nX )’ Y]. 4.32)

Thus y, and w diverge at fixed y, when L, /L’ — oo and (4.27) is then recaptured. To
understand the other limit note that one also has

w=ypu(T;L)/2n/w,)Y, (4.33)

where w, = (p,/pol1)% as before, while u ~ 1/L§~7 is the correction parameter of
(3.29). Hence, in the block limit at fixed y,, one has w — 0 and, on appealing to (4.13),
one finds that the last, i.e. the cylinder term in (4.30) vanishes as

2{(0)(pol1/2mp )" w(T; L)[1 + o(w)]. (4.34)

On comparing with the full block scaling form (4.20) one sees that cylinder term can
be regarded merely as part of the spin wave corrections to scaling: clearly, once L,/L}
is sufficiently small that L, /L, is of order unity the terms originally neglected in (4.20)
become of comparable importance to the cylinder term. Conversely, the cylinder
term is only significant when L /L, becomes large and then appears as a “dangerous
correction to scaling” [21].

This completes our analysis of finite-size effects at first-order transitions in
general ferromagnetic spherical models. The asymptotic behavior in block and
cylinder limits is described by universal scaling functions, and the exact expressions
confirm in detail the general but nonrigorous theory [16—18] for n-component spin
systems when the limit n— oo is taken.

Appendix: Approach of a Sum to a Multivariate Singular Integral

Let g(6) = ¢(0,,...,0,) be a function periodic in each argument, 6;, with period 27,
which is real and analytic in @ except at 8= 0, where it diverges as

d —a/2
9(0)=[lef9f-:| [1+0(16))] (A1)
=
with ¢, 6 >0 and
d
p;>0(allj) and pd= Hlpj. (A2)
j=

In addition we assume ¢ < d, so that the integral

ndo, = de,

{5 ) 5 ta0) (A3)

I=1d,0;p)= £9(0)E

over the basic zone, @, is well-defined. To construct an approximating sum we let
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the integer vector N=(N,,...,N,) with
d
N=N§=[[N; and N;=IN, (j=1,...,d), (A4)
j=1

J

become infinite in such a way that the ratios /; approach bounded, nonzero limits.
Then we may discretize the variable @ via

, =L[(8,);=2np;/N], (AS)

where p is a vector with (positive or negative) integral components, p;, identified
modulo N;. The identification g, = g(@)) fails for p=0(p;=0, all j), so it is natural to
define an approximating sum and difference via

1
ANEAN(d,o;p)=I—SN=I—]—V—Zgp. (A6)
p#0

Note that the sum contains N — 1 elements.
The aim of this appendix is to demonstrate that as N,— oo the difference
between integral and sum vanishes according to

Ay~ D(d, 0;0)/2mpo)"NG ™7, (A7)
where o = (w;) and
;= (p;/pol)), (A8)

and to show how expressions for the coefficient D may be obtained. The terms
neglected in (A7) are of higher order in 1/N, but will not be bounded explicitly.
For ease of exposition we discuss first the simplest case d <ag + 2. Next we
consider the range 0 +2<d<o+4; how to handle the higher order cases,
o+4=<d<o+6, etc, will then be apparent.

To make progress we decompose the integral, I, into a sum of terms. To that end
let y(p) denote the rectangular cell in -space centered on 6,, and defined explicitly by
0;=2n(p; +vj)/N; with —3 <v<3. We then have

[=Y1, with Iy= [ g(@), (A9)

where the integral is defined by analogy with (A3). The origin term, Iy N, may be
evaluated easily when N, — o0, using (A1) which yields

Ay=In =~ Do(@)/(2mp,)°N§™°, (A10)

in which the numerical coefficient can be written

Do((o)=<|:i wjvf:l—a/2>, (A11)
=1

where, for any function, f(v), the cell average is defined by

1/2 1/2
<f(V)>=_L2dvi“' _!/Zdvdf(vla'-~9vd)- (A12)
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Substitution of (A8) in (A6) and rearrangement yields

AN=AN+BN=AN+%ZEP, (A13)
p#0
where
b,=<b,v)y with b(v)=g,v)—g,0), (A14)

in which, here and below, we take

2 2
gp(V)=g<Nzl(p1 +v,),-.-,Ni:(pd+va)>- (A15)

Now if, in place of (A1), the periodic function g(@) were analytic at 8 =0 the
correction Ay would decay exponentially fast with N, [6]. Conversely, any slower
decay must be associated only with the behavior of g(8) near the origin that is for
|6, < 1 or [p| < Ny. In this region we can use (A1) and thus have

b,(v) = (No/2mp,)°c,(V; @), (A16)
where
(v w)=[P(v)] °—P,°, (A17)

in which, for brevity, we have written

M=

Py =

J

d
w,{pj+vj)ZEP(2,+2Z1 w{p;+30)v; (A18)
=

Il

1
with P, = P(v=0).

To investigate the coefficients b,, let us expand b,(w) in a Taylor series about
w =0, and average using (A12). This yields

5—¢i b +#i(1—6)—a4b + (A19)
T 282, ov? ). 52 & ij i i ,

where the subscript p on the derivatives indicates evaluation at v= 0. For |p| <« N,
we thus have, in particular,

wN

(02b/00}), ~ (No/21p0)" (0%¢,/007), -5 (A20)
where
5% _ ow; (p; +v,)>
(%;)p(V)— *W[l—(a+2)wj P20) :| (A21)

On noting that w{p; + v;)*/P*(v)is bounded by unity for all p, we see that the second-
order b derivative is of order 1/P§*? when |p| — oo, while the subsequent terms in
(A19) are of order 1/P§*2* with k=2,3,....

We may now consider the asymptotic replacement of the coefficient Bp in (A13)

implied b))\/r (//?16). The convergence of the sum on p in (A13) as N, — oo is then like

that of | ¢,p* 'dp. Thus, accepting the estimate ¢,={c,>=0(1/P§ %)=
0
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O(1/|p|”*?), which follows from (A19)—(A21), we see that the upper limits on p in
the sum may be neglected asymptotically provided ¢ + 2 > d: this is just the first case
anticipated above. Collecting up terms and recalling (A 10) finally confirms the claim
(A7) and yields the coefficient

D=Dyw)+ ) {c(vm)), (A22)
p#0
where (A11), (A12), (A17) and (A18) provide the necessary definitions, while the sum
runs over all nonzero p and converges absolutely when ¢ + 2 > d.

To deal with the case ¢ + 2 < d, it is evidently necessary to obtain a more rapidly
convergent expression for D than (A22). To this end we endeavor to find a
modification of the coefficient, BP, in which the leading large | p| behavior, fixed by the
second derivative term in (A19), is cancelled out. Accordingly consider the region
O~ =0O\y(0), i.e.,, the whole 0 zone but with the origin cell, y(0), deleted, and the

corresponding integrals

Q§_ j <692> Z QpN’ (A23)

p#0

in which QJ is the same form of integral but restricted to the cell y(p). Now, except
for the deleted cell, y(0), the integral over ® ~ represents an integral of a derivative of
an analytic function: consequently, its value is entirely determined by the function
on the boundary of y(0). (Of course, this is just an example of the divergence
theorem.) Explicitly we find

og
0h=— | 5-sem(t, )( 0 ) (A24)

0;¥(0)
where the (d — 1)-fold integral runs over the two faces of (0) normal to the 0, axis. By
using (A15) this may be rewritten

i 2(N;V 09,
o= "ﬁ(ﬂ) <Sgﬂ(l’j)(a}7>v=+%>, (A25)

where the 4+ or — is determined by the sign of v;. Finally, for |p| « N, we have, as
before, |6,] « 1 and can use (A1) to estimate

4= D{@)(N;/21)*/(2np,)°N§ ™7, (A26)
where
d —(c+2)/2
Dj(@)=ow; < [%“’j + ) wivl?} > . (A27)
iFj

On the other hand, we may analyze the individual integrals in the sum in (A23).
On rewriting in terms of b,(v) we have

Qpn = NT1(Nj/2m)* {8%b,(v)/0v] )

LNV, o 9% A28
G G et (e ) o
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where the second line follows by the reasoning that lead to (A19) and employs the
same notation. By the same token, the leading correction, arising from the fourth-
order derivatives, decreases as 1/P3** (in the region |p] « N,). Consequently, by
comparing (A19) and (A28) we see that the modified coefficients

N & 4n% . Ny, \°
D_F v i o 0 )
b =5, 2454 N? Co <2”Po> ) (A29)

decayas 1/P5** = 0(|p| ™7~ %), when|p| > 1 (with|p| « N); likewise the correspond-
ing modified functions

o) =[1- HVilomo)=¢,— & £ @/od) (430

yield, on averaging over v, coefficients decreasing as |p| 7~ *. It follows that one may
replace (b{®> in a sum over p(#0) by (c{?’), and extend the sum to infinity
provided only that ¢ + 4 exceeds d, a weaker condition than previously.

Consequently, on adding to and subtracting from A, the combination of
integrals Q.{,N corresponding to (A29), we rederive (A7), but with the amplitude given
by

D =Dy(w)+ 74 Z Di@)+ Y (P(v;o)). (A31)
p#0
The necessary definitions are (A11), (A12), and (A30), which entails (A17), (A18), and
(A21). The sum runs over all nonzero integer vectors, p, and converges absolutely
when d < o + 4. Of course, this expression yields the same value as (A22) when the
latter converges (as it does for d < g + 2).

How to extend the treatment to d = o + 4 should now be clear. The procedure is
to define, in analogy to (A30), ct¥, c*), ... by subtracting off fourth order derivatives,
sixth order derivatives, and so on. The correct linear combinations follow by using
(A19), including the further terms, together with the corresponding terms arising in
(A28) and from subsequent higher order subtractions. The combinatorics involved
in the general term seem formidable but it is clear that explicit expressions valid for
d<o+2kfork=3,4,...can be obtained by brute force. The leading behavior of A
is always of the form (A7). However, higher order corrections, which we have not
discussed, arise in particular from the O(|0|°) terms in (A1) which clearly enter into
the determination of the degree of approximation of b (v) by c,(v): see (A16) and
(A17).

It is worth remarking that alternative tactics can be used which lead to
expressions for D which are simpler in that it is not necessary to do the integrations
over Vfcp(v) implied by (A31). Instead of cancelling the second derivative term in b,
and ¢, by adding and subtracting an integral over a continuous second derivative,
one can use a sum over a discrete, lattice second derivative, say [g,,;+ g,_; — 29,1
(where j is a unit vector along the j™ axis). The simpler answers however, require a
few more steps to derive.

It should also be mentioned that an alternative strategy to deriving (A7) can be
based on the Ewald summation technique [13,22]. This approach yields, indeed,
expressions which are computationally superior since they typically converge very
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rapidly: see Refs. [13,22,23] and the references cited, for numerical calculations for
several values of 6. However, from an analytical viewpoint, the expressions obtained
are less satisfactory (containing an essentially arbitrary “range splitting’ parameter).
The derivation presented here is also advantageous from a scaling view-point, since
the parameters p, and N, enter very naturally, and the dependence of the amplitude
D on the shape/anisotropy parameters is seen at an early stage.

Acknowledgements. The authors have enjoyed instructive discussions with J. Rudnick and J. Shapiro and
wish to acknowledge partial support from the U.S. National Science Foundation through the Condensed
Matter Theory Program® and from the Science and Engineering Research Council of the United
Kingdom. M.E.F. is grateful to the California Institute of Technology for hospitality during his visit as a
Sherman Fairchild Distinguished Scholar, and to the Department of Theoretical Physics at the
University of Oxford, where this work was completed, for their hospitality. V.P. acknowledges the award
of a Bantrell Fellowship by the California Institute of Technology.

| Grants Nos. DMR-81-17011 and DMR-84-12543

References
1. Kac, M.: Phys. Today 17, 40-42 (1964)
2. Berlin, T. H., Kac, M.: The spherical model of a ferromagnet. Phys. Rev. 86, 821-835 (1952)
3. Montroll, E. W.: Nuovo Cimento, Suppl. 6, 265-278 (1949)
4. Lewis, H. W., Wannier, G. H.: Spherical model of a ferromagnet. Phys. Rev. 88, 682-683 (1952)
5. Joyce, G. S.: In: Phase transitions and critical phenomena, Vol. II, Domb C., Green, M. S. (eds.)

p. 375-492, London: Academic 1972
. Barber, M. N., Fisher, M. E.: Critical phenomena in systems of finite thickness, I. The spherical
model. Ann. Phys. 77, 1-78 (1973). Note that Egs. (10.28) and (10.29) lack a factor of 2 and, for
dimensional consistency, a ¢

7. Barber, M. N.: Critical behavior of a spherical model with a free surface. J. Stat. Phys. 10, 59-88
(1974)

8. Fisher, M. E.: In Critical phenomena. Proc. Enrico Fermi Int. School of Physics, Vol. 51, Green,
M. S. (ed.) N.Y.: Academic 1971, p. 1-99

9. Fisher, M. E., Barber, M. N. Scaling theory for finite size effects in the critical region. Phys. Rev. Lett.
28, 1516-1519 (1972)

10. Barber, M. N.: In: Phase transitions and critical phenomena, Vol. VIII, Domb, C., Lebowitz, J. L.
(eds.). N.Y.: Academic 1983, p. 145-266.

11. Brézin, E.: Ann. N.Y. Acad. Sci. 410, 339-349 (1983)

12. Luck, J. M.: Corrections to finite-size-scaling laws and convergence of transfer-matrix methods.
Phys. Rev. B31, 3069-3083 (1985); Singh, S., Pathria, R. K.: Phys. Rev. B31, 4483-90 (1985)

13. Shapiro, J., Rudnick, J.: The fully finite spherical model, to be published, and private communication

14. Stanley, H. E.: Spherical model as the limit of infinite spin dimensionality, Phys. Rev. 176, 718-722
(1968)

15. Kac, M., Thompson, C. J.: Phys. Norv. §, 163-168 (1971)

16. Fisher, M. E., Privman, V.: First order transitions breaking O(n) symmetry: finite-size scaling. Phys.
Rev. B32, 447-464 (1985)

17. Privman, V., Fisher, M. E.: J. Appl. Phys. 57, 3327-28 (1985)

18. Privman, V., Fisher, M. E.: Finite-size effects at first-order transitions, J. Stat. Phys. 33, 385-417
(1983). Note a missing factor z~¢ on the righthand side of Eq. (5.6)

19. Fisher, M. E., Barber, M. N,, Jasnow, D.: Helicity modulus, superfluidity, and scaling in isotropic
systems. Phys. Rev. A8, 1111-24 (1973)

20. Kurtze, D. A, Fisher, M. E.: The Yang-Lee edge singularity in spherical models. J. Stat. Phys. 19,
205-218 (1978)

(=)}



548 M. E. Fisher and V. Privman

21. Fisher, M. E.: In: Critical phenomena. Lecture Notes in Physics, Vol. 186, pp. 1-139, Hahne, F.J. W.
(ed.) Berlin, Heidelberg, New York: Springer (1983) Appendix D

22. Harris, F. E., Monkhorst, H. J.: Electronic-structure studies of solids. I. Fourier representation
method for Madelung sums. Phys. Rev. B2, 4400-4405 (1970)

23. Chaba, A. N,, Pathria, R. K.: Evaluation of a class of lattice sums in arbitrary dimensions. J. Math.
Phys. 16, 1457-1460 (1975)

Communicated by A. Jaffe

Received May 13, 1985





