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A nearest-neighbor three-state model is introduced that has chiral interactions and exhibits
spatially modulated order. A Migdal-Kadanoff renormalization group for this model is con-
structed and analyzed for general dimensionality 4. This renormalization group is exact when
applied to the model on certain hierarchical or fractal lattices. The resulting phase diagrams are
of remarkable complexity: They exhibit an infinite number of distinct ordered phases, each
identified by g, the principle wave number of the modulations in the local order. All ordered
phases are commensurate with the lattice structure, and for sufficiently large d there is apparent-

ly a phase for every rational fraction g.

I. INTRODUCTION

Recently considerable attention has been addressed
to simple theoretical models that exhibit, or appear to
exhibit, spatially modulated ordered phases.!”” Par-
ticularly interesting, in view of the simplicity of its
Hamiltonian and the diversity of its apparent
behavior, is the axial next-nearest-neighbor-Ising (or
ANNNI) model,2~® an Ising model with competing
interactions. For spatial dimensionality d > 2 this
model has been shown, at low temperatures, to have
an infinite number of distinct ordéred phases, each
phase being distinguished by a wave number charac-
terizing the spatial modulations in the local order.’

In this paper we discuss a class of p-state models
(p=2,3, ...) with only nearest-neighbor (noncom-
peting) interactions that are a generalization of the
Potts models® and of the discrete planar or clock
models.® It is first pointed out that the ANNNI
model can be regarded as a four-state model with
nearest-neighbor but reflection noninvariant (or
chiral) interactions and spatial anisotropy. Viewed
from this perspective the ANNNI model is not quite
the simplest system that might be expected to exhibit
modulated order with variable wave number. In fact,
it appears that the simplest p-state model with only
nearest-neighbor, noncompeting interactions to ex-
hibit such spatially modulated correlations is the
three-state chiral model introduced below. Recently
Ostlund’ has independently studied this model in two
dimensions with spatially anisotropic interactions in
the context of the commensurate-incommensurate .
phase transition.

The major part of the present paper is devoted to
the three-state chiral model. To gain orientation, the
general solution for a one-dimensional lattice and a
corresponding exact decimation or dedecoration re-
normalization group!® are presented in Sec. III. The
full sixfold symmetry of the three-state chiral model
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on any d-dimensional layered lattice is then estab-
lished in Sec. IV. The correlation functions are
thence shown to exhibit well-defined spatial modula-
tions under appropriate conditions. Section V intro-
duces a Migdal-Kadanoff renormalization-group
scheme 12 for the three-state chiral model. This is
approximate for a d-dimensional hypercubic lattice,
with d > 1, but is exact when applied to the model on
certain pseudolattices or fractal lattices of a hierarchi-
cal nature'*~! (see Fig. 3 below). Sections VI and
VII discuss the phase diagrams predicted by the
renormalization-group analysis. By means of the re-
normalization group the wave number g describing
the modulations in the local order is readily identified
for all ordered phases.

The phase diagrams of the three-state chiral model
resulting from the Migdal-Kadanoff renormalization
group, and their evolution as d is increased prove to
be surprisingly rich in detail, with infinitely many
phases appearing at various borderline dimensions.
Of course it must be recognized that our renormal-
ization-group analysis is only approximate as applied
to the model on a realistic two- or three-dimensional
lattice so the results may not be physically relevant.
Some of the details discovered are clearly artifacts of
the particular renormalization-group scheme adopted.
For example, the main or ““principal’’ phases are
all found to have wave numbers of the form
g =m/3(2") with m and 7 integral. The factor 2" in
the denominator here is a result of the adoption of a
renormalization-group scheme that rescales the lattice
by a factor of b =2 at each stage. Thus, as is gen-
erally true for simple Migdal-Kadanoff renormaliza-
tion groups, only the more qualitative features of the
results should be taken seriously as possibly applying
to realistic situations. Nevertheless, the complex
results we find do represent an exact solution to a
well-defined statistical problem, namely, the three-
state chiral model on a class of hierarchical lattice
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structures. Although these structures are rather artif-
icial, containing sites of indefinitely high coordination
number, the details of the results do have a definite
interest in the context of these systems and, we also
believe, the general features may have wider validity.

In fact, we find an ordered phase with modulations
in the local order characterized by a wave number ¢
for every rational fraction in the first Brillouin zone
(which is described by 0 <g¢ < 1 in our convention:
see below). Each such phase is present only for
dimensionalities greater than or equal to a borderline
dimension, d*(g), at which the phase first appears.
The simplest ordered phases, with ¢ =0, %, or —i—,
are all equivalent under the symmetries of the model
to the ordered phase of the ferromagnetic Potts
model and are therefore present for all d > d*(0)=1.
The next group of ordered phases do not appear
until two dimensions (d =2), but for d > 2 the
phase diagram rapidly fills in with many further new
phases, apparently completing the process after the
appearance of infinitely many families of infinitely
many phases at an ultimate borderline dimension,
dp= d*(%) =2.625, with the appearance of the ¢ =
ordered phase. A relatively few ordered phases,
namely, those with ¢ =m27"/3 where n is small, oc-
cupy significant areas in the phase diagram. For
d 2 2.5 there are regions in the phase diagram
between these principal phases that contain many dis-
tinct ordered phases, each occupying an extremely
slender region and all with very large correlation
lengths. A calculation or experiment of finite resolu-
tion would probably be able to resolve only a finite
number of ordered phases. Then the wave number
characterizing the modulations in the order might ap-
pear to vary continuously, giving the appearance of
incommensurate order, between the commensurate
phases that are resolved.

Because of the simplicity of the model the full
phase diagrams and (discrete) renormalization-group
flows can all be represented on a plane parametrized
by the real and imaginary parts of an appropriate
transfer-matrix eigenvalue \ (see Figs. 1 and 2
below). The reader uninterested in the detailed argu-
ments can gain an impression of our results by perus-
ing the figures illustrating the phase diagrams for
various dimensionalities (Figs. 4 to 8). In particular,
Fig. 10 below shows a representation of the results in
a form, exhibiting a unique multiphase point, com-
parable to the phase diagrams of the ANNNI
model.>=® Self-similar devil’s-staircase behavior's of
the variation of the wave number g across the phase
diagram is illustrated in Fig. 9.

L
9

II. ONE-DIMENSIONAL p-STATE MODELS

Consider a homogeneous system of “‘spins’’ on a
one-dimensional lattice with interactions of strictly

finite range. Suppose each spin variable can take on
Do different values, and the interaction of the longest
range is between mth neighbor spins. Such a system
is exactly equivalent to a system of spins that can
take on p = p{’ values and have only nearest-neighbor
interactions. The correspondence is made by subdi-
viding the chain of pg-state spins into blocks of m ad-
jacent spins. Each such block of m py-state spins in-
teracts only with adjacent blocks and can be con-
sidered as a p-state spin, s;, that can take the values,

say, 5;,=0,1,2, ... ,p—1. Let us define projection
operators P¥ such that
k 1, if §; = k s
Pi=8ks,=lo, ifs, =k . @D

Then the general Hamiltonian for such a chain of p-
state spins is
p—1lp-—1

X=- 2 E E Jk[P,kPi1+1 . (22)
i k=0[l=0

The ANNNI model in d dimensions can be thought
of as parallel Ising chains making up a hypercubic lat-
tice. The interchain coupling is via ferromagnetic
nearest-neighbor bonds. Within each chain, though,
there are also antiferromagnetic second-neighbor
bonds. The Hamiltonian for a single such chain in
isolation is

X=—J Esisi,,.l—x ES;S/+2 . (23)
i i

Though it is not the easiest way to analyze this one-
dimensional ANNNI model,!” a direct mapping can
be made onto a four-state model with only nearest-
neighbor couplings in the fashion described above.
Each block of two Ising spins can assume four dif-
ferent states and interacts only with its nearest-
neighbor blocks. The same mapping can be made
from the ANNNI model in any dimensionality to a
four-state model with nearest-neighbor interactions
only, though with spatially anisotropic couplings.
There is the possibility that the behavior seen in the
ANNNI model may appear in some simpler four-
state model, for example with isotropic couplings.
The bulk of this paper concentrates on the simplest
three-state model that exhibits multiphase behavior
similar to that seen in the ANNNI model.>™>

For many purposes this mapping of a model with
simple spins and longer-range interactions onto a
model with only nearest-neighbor interactions
between more complicated spins is not very helpful:
for two purposes, though, it is useful. First, the
Migdal-Kadanoff approximate renormalization
group'!"!2 depends on bond moving. In a lattice with
only nearest-neighbor interactions the procedure is
straightforward. Second, in a one-dimensional sys-
tem the application of transfer matrix techniques is
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simplest when there are only nearest-neighbor in-
teractions along the chain.

The p X p transfer matrix for the linear chain Ham-
iltonian (2.2) is

T=[Tyl=1"*1 , 2.4)

where K =BJy. This matrix has p eigenvalues, \,,,
each with right and left eigenvectors, & '~ and & ".!8
The eigenvalues are either real or occur in complex
conjugate pairs. The largest eigenvalue will be real
and positive and we will number the eigenvalues so
that Ao = |A\;| =|Ay| . . .. The basic pair correlation
functions for this system are

G“(ﬂ) = (Pikpil+,,) . (25)

»

In the thermodynamic limit these correlation func-
tions may be written in terms of the eigenvalues and
eigenvectors of the transfer matrix as

ki, L0 ROp_l Rm,Lm Am !
G (n)=ek' e 2 eper )\— » (26)
0

m=0

when Ao > |A\;|. There are p? such real correlation
functions which are, in general, independent except
for the single restriction

p=1p—-1

3 3 GHn) =1 . Q.7

k=0/=0

Asymptotically, for large spin separation n, the
behavior of a correlation function G () is dominated
by the eigenvalues of greatest magnitude. If A is
real and positive then G (n) is asymptotically mono-
tonic. If A, is real and negative, G (n) will be modu-
lated with a wavelength of two sites, as in the antifer-
romagnetic Ising chain. If A, and A, are a complex-
conjugate pair, the correlations vary as

G(n) =Gou+Gi|N/No|"cos2mgn +) + - - -,

(2.8)
where ;= |\|€?™%. Thus with complex eigenvalues
the correlation functions can have modulations of
any wavelength.

For the Ising model one has p =2 and the transfer
matrix cannot have complex eigenvalues since a 2 X 2
matrix with non-negative real elements has only real
eigenvalues. As shown below, the simplest model
with only nearest-neighbor interactions but exhibiting
complex eigenvalues is a p =3 system.

Consider then the class of p-state models in which
the p-fold cyclic symmetry is not broken. The asym-
metric clock models’ are a subset of this class of
models. A physical picture of such a model is that
the spin at site / is a unit vector in the xy plane at an
angle 0, =2mxs;/p from the x axis. The cyclic sym-
metry is unbroken if the interaction energy between
two such spins depends only on the angle between
them, namely (6, —6,) =2w(s;,—s;)/p. More pre-

cisely, we require that if kK —/ =k’ —1I'(mod p) then
Ju =Jk, " It follows that the transfer matrix T is cy-

clic with eigenvalues and eigenvectors

p—1
}\m = E JQkGZ"im"/p (29)
k=0
and
e,R""= [ell"m]* ___p—llzezmml/p . (2.10)

The expression (2.6) then yields the correlation func-
tion as

-1 n
G*(n) =p_2 pz ezm(k—l)m/p[_}‘_"_'] . .11
m=0 Ao

There are now only p distinct correlation functions,
one for each value of k —/ (mod p). Thus the re-
striction (2.7) leaves, in general, (p —1) independent
real correlation functions.

Alternatively, we may use the complex correlation
functions ’

2"’(’I+n —sl)m/p>

G,(n)= (e
p—1p—1

= 2 Ee2wi(l—k)m/kal( n)
k=0 =0

|2

n

(2.12)
Ao

for m=1,2,...,p=1. From (2.9) we see

Gi(n) = G,~,(n) so the set of independent correla-
tion functions of this type is G,;m =1, ..., [5p].
For p odd the set of (p —1) independent real correla-
tion functions (2.11) can thus be replaced by an
equivalent set of % (p —1) independent complex
correlation functions. This is particularly useful for
p =3 as all pair correlation information is then con-
tained in one complex correlation function, namely,

s 2mi(s -, —s g3
G(R,R)=(e R ) . (2.13)

In a renormalization-group analysis'® the recursion
relations for decimation of all but every bth spin on a
chain described by the Hamiltonian (2.2) are ex-
pressed simply as T’ =®,(T) =T This transforma-
tion may be rewritten in terms of the eigenvalues and
eigenvectors of T as, simply,

A =AL, (8%™) =", and (™)' =€"" . (2.14)

III. THREE-STATE CHIRAL MODEL

The simplest model with a Hamiltonian of form
(2.2) which exhibits spatially modulated correlations
is a three-state model with threefold cyclic symmetry,
but with a broken reflection or exchange invariance.
We will call this model the three-state chiral model.
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On a linear chain the Hamiltonian of the three-state
chiral model is

2
=— 3|0 3 PkPK +J1(PPPYy + P PAy +PPPY)
k=0

i

+J,(PPPA, + P2PY, +PIPS) . (B

The significance of each term here is best understood
by examining the ground states of the system in
which that particular term dominates. The term with
coefficient Jg is the usual Potts interaction; if J,=J,
the model reduces to the usual three-state Potts
model with coupling J =Jy—J;. For Jy > J; and

Jo > J, the Potts term dominates and the ground
state of the system is that of the ferromagnetic Potts
model in which all spins take the same value. How-
ever, when J; > Jo and J; > J, the second term in
the Hamiltonian dominates and the ground state is
described by

S,-+,,=S,-+n(m0d 3) . (3.2)

If the three values of s; are thought of as three orien-
tations of a vector in a plane normal to the chain,
this ground state has a chirality that we may call right
handed. Conversely, if J, > J; and J, > Jy the
ground state is similar, though of opposite, or left
handed chirality.

The transfer matrix for this Hamiltonian is cyclic
with first-row elements

TOmETm=exp{Km}» m=0,1:2 . (33)

It has one real eigenvalue,
2
A0= 2 Tm > (34)
m=0
and a complex conjugate pair, namely,
2
M=N= 3, Tye?mmB . 3.5
m=0

The energy zero will be chosen so that A\g=1. Then
the reduced Hamiltonian,

2 2
XN =—p3=3 3 3 K. (\)PFPL,, ,  (3.6)

‘ i k=0 1=0
where m =1 —k (mod 3), is fully specified by the sin-
gle eigenvalue, A =\, in terms of which the transfer
matrix elements are

Ky

Ta(N) =e ™ =2 (14 2mmB) 42mmi3)\*)  (3.7)

Due to the restriction T,, =0, (m =0,1,2), all physi-
cally realizable values of A are found to lie on or

" within the equilateral triangle in the complex A plane

with vertices at e2™™/3 (m =0,1,2) (see Fig. 1).
This triangle seems to be the most natural domain in
which to represent phase diagrams for the three-state
chiral model. The coordinates of a point in this trian-
gle may be expressed in two useful ways. The first
is, simply, as the real and imaginary parts of the
eigenvalue A. On the other hand, if the altitude of
the triangle is of unit length then the distances
between a point and the three sides of the triangle
are the transfer matrix elements, Ty, T}, and T, cor-
responding to that point.

An analogy with the ANNNI model may be no-
ticed if one rewrites the Hamiltonian (3.1) as

2
H=-J 3| Eo+ 3, PkPk,
i k=0
+K(PIOP11+1 +P11Pi2+l +Pi2Pl(-)H

"PiOPi2+1 —PIZP:'IH "PIIP/OH ) .
(3.8)

Then for |«| > 1 the ground state has modulated or-
der, while for |k| < 1 it is ferromagnetic. In the
ANNNI model (2.3) the ground state has modulated
order for k > % and is ferromagnetic for « < %.3
The correspondence between points in the phase tri-
angle and those in the (kzT/J, k) plane is indicated

in Fig. 2.
T:\ & ImA e
=0
To=0 P F To
ReX=-1 1 Re A
T,=0
Tz‘ L -09

FIG. 1. The basic phase diagram of the one-dimensional
three-state chiral model in the complex A plane, where A is
the nontrivial eigenvalue of the transfer matrix. The system
orders only at the points labeled F, R, and L with ferromag-
netic, right-handed-chiral, and left-handed-chiral order,
respectively. Under renormalization-group transformation
all other points in the phase diagram are attracted to the
paramagnetic fixed point, P, at which all nontrivial correla-
tions vanish. Two flow trajectories illustrating this for a
b =2 renormalization group are shown.
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T

Re A
T=0,7>0
1>K>-1

FIG. 2. The basic phase diagram in the X\ plane showing
the axes of the parameters Ty, T, and T, [see the relations
(3.5) and (3.7)] and contours of constant kg 7/J (dotted
curves) and constant « (dashed curves) following from rela-
tions (7.1) and (7.2). Note that the mapping is singular on
the edges of the triangle and on the locus 7 =oo. Specifical-
ly, each vertex of the A triangle maps into a line in the Tk
plane while each edge of the \ triangle maps onto a single
point in the T« plane. Thus the multiphase behavior that is
concentrated at a single multiphase point in the Tk plane is
spread out over an entire edge of the A triangle (compare
Figs. 8 and 10 below).

By (2.12) and (2.13) the correlation function for
the one-dimensional three-state chiral model is sim-
ply

G(n)=\" . (3.9)

Thus there is long-range order only for || =1. This
occurs at each of the three vertices of the phase tri-
angle; the labels F, R, and L in Fig. 1 signify fer-
romagnetic, right-handed-chiral, and left-handed-
chiral ordering, respectively. The remainder of the
phase diagram represents a paramagnetic phase with
correlation function which may be written

G (n) = e—n/Ee2mian | (3.10)

where ¢ =—1/In|A| is the correlation length. Thus
for A not on the positive real axis the correlations are
modulated with wave number g =arg(\) /27 and de-
cay exponentially, with correlation length ¢£. Note
that ¢ =1/A where A is the wavelength of the modu-
lations in units of the lattice spacing.

The renormalization-group recursion relation
(2.14) for the three-state chiral model is simply
N =% or equivalently, ¢ =£/band ¢’ =bg. The

fixed points are the solutions to

E=¢/band g=bg+m; m=0, £1, +2, ...

[}

(3.11)

these are £ =0 or « and ¢ =m /(b —1). Thus the
chirally ordered states marked R and L in Fig. 1, with
qg= -;— and -;—, are seen as fixed points only when
b=3m+1,m=1,2, .... A similar restriction on b
has been noticed for the linear chain Ising antifer-
romagnet.'® On the other hand, the high-temper-
ature disordered point and the ferromagnetically or-
dered state, marked P and F, respectively, in Fig. 1,
appear as fixed points for any b.

IV. SYMMETRIES OF THE THREE-STATE
CHIRAL MODEL

Consider a three-state model on a general d-
dimensional layered lattice. Identify each spin by its
position vector i,,, where the index » indicates that
the spin is in the nth layer of the lattice. The re-
duced Hamiltonian is

J.C(Kl, X)=E

2
., pJ
3 Klzpknpﬁ,
n (R ,R') J=0 n

n
3 k. pl ‘
+ 3 ZEKm(UPi”PE,,H'

4.1)

where m =1 —k (mod 3), and the two sums run over
all nearest-neighbor pairs within the nth layer and
over all nearest-neighbor pairs with one spin in the
nth layer and one in the (n +1)st layer, respectively.
The couplings K,,(\) are as defined in (3.7) and we
assume the in-layer coupling K, is positive, i.e., fer-
romagnetic, to avoid frustration effects. The correla-
tion function (2.13) may conveniently be written as

G(l—i,,, ﬁm;Kl, X)

i$(R ,, R KN

=F(R,, RKi\e , (4.2)

where the functions F and ¢ are real.

One symmetry of this model is exhibited by rela-
beling all the spins so that sg —~sg =—sgx (mod 3).
The results of this transformation on the Hamiltoni-
an and the correlation functions are A — A= \* and
G — G'=G*. Thus we conclude that

G(R, KK, ) =G*(R,,R,;K ) . (4.3)

Clearly, when \ is real the correlation function is al-
ways real. If A is positive and real the system is just
a three-state Potts model with ferromagnetic cou-
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plings. The correlation function will then be non-
negative everywhere so that ¢ =0. If A is negative
and real we have a Potts model with antiferromagnet-
ic interlayer coupling. In this case we choose

oR,,Rp)=(m —n)7w | (4.4)

so that the function F remains non-negative.
The other symmetry of the model is exhibited by
relabeling the spins so that sy —s}g =sg +n
n n n
(mod 3). The results of this transformation are
A— X =\exp(2mi/3) and

G(R,,R,)—G' (R, R,)=G(R,,R,)erimns

4.5)
from which we may conclude

G(ﬁ,,, ﬁm;Klr Ae2Ti3) = G(ﬁ‘m ﬁm;KJ.: )\)EZwi(m-n)/ii .
4.6)

From (4.3) and (4.6) we see that the correlation
functions at the six points in the phase diagram
A= |)\‘eii0, A=|)\Ieii0+21rl/3, and A= |)‘|eiw—2m/3 are
simply related. Thus the phase diagram has a sixfold
symmetry and one need study only one sextant, for
example just A =|A|e’® with 0 <60 <=/3. This six-
fold symmetry is a generalization of the two-fold )
symmetry relating the Ising ferromagnet and antifer-
romagnet on a bipartite lattice in zero field. Further,
we see that for A=|\|e™? with /=0, . ..,5, the
phase of the correlation function satisfies

(R, KK, M) =27(m —n)g(K,\) , &7

_J

with ¢ (K, A) =1/6 being the wave number of the
modulations in the correlation fanction. Note that
the wave vector of these modulations is normal to the
layers, as would be expected.

In a high-temperature expansion (|A| << 1) of the
correlation function, we find in leading (nonvanish-
ing) order in |A| the behavior

GR,,RK, \) =F(R,,Rp;Ki INDAm™ | (4.8)

where the function F is real everywhere. In the one-
dimensional system, as was shown above in (3.9), we
have F =1, and all higher-order terms vanish. To
summarize, then, we find that for all A in the one-
dimensional system, for |A| << 1, and for
r=]|X|e™" in any dimensionality, the relation (4.7)
is valid, with ¢ (K, A\) =arg(\)/2m, independent of
the in-layer coupling strength K ;. This therefore in-
dicates that (4.7) is possibly always valid for a layered
lattice such as we are considering; in that case (4.7)
serves to define the function ¢ (K, A\) unambiguous-
ly. However, we must be cautious on this point be-
cause of the counterexample provided by the ‘‘mock
ANNNI models’’!® where the correlation function has
competing periodicities and ¢ can only be defined
uniquely by specifying that it refers to the primary, or
strongest component in the spatial modulations of the
correlation function, a somewhat less practical defini-
tion to use. If, as we suspect, (4.7) is not always
valid in the present model, the wave number

g (K, \) may likewise be defined as that of the max-
imum or the strongest Bragg pedk in the structure
factor:

S(g;K, M) =N"3 3 3 3 2mat-mG (R, RpKu N 4.9
m R m

an

where N is the number of sites in the lattice. In any
case we expect that ¢ (K, \) at least roughly corre-
sponds to the modulations in the correlation func-
tion, i.e., that

— = - == i(lm-n)g(K ,,\)
GR, RpKu N =F(R, R, Ky, N)em m %

(4.10)

represents, physically, a good description.

If, considered by itself, each layer of sites and in-
layer bonds is a well-connected lattice of dimensional-
ity d > 1, it appears that a systematic low-temper-
ature series expansion might be generated for the
model in a manner following Fisher and Selke’s treat-
ment of the ANNNI model for 4 >2.° One would
expect, as with the ANNNI model, that the system
would always order at sufficiently low temperatures.
However, to avoid explicit spatial anisotropy in the
Hamiltonian, which complicates a renormalization-

group treatment, we turn now to the three-state
chiral model on a hypercubic lattice in a special case
where there are no in-layer couplings (K;=0); this is
a system whose low-temperature behavior is rather
less obvious but which, as we will indicate, will still
exhibit phases with well-defined layered ordering.

V. MIDGAL-KADANOFF RENORMALIZATION GROUP

In this section we specify the recursion relations
that will be studied for a special three-state chiral
model on a d-dimensional hypercubic lattice and
point out that they are an exact dedecoration renor-
malization group!® for the same model on a certain
class of “‘fractals’ or hierarchical pseudolattices.!3~¢

To specify the model on a hypercubic lattice let the
basic lattice vectors be T;(i =1, ...,d). To achieve
the maximum simplicity all bonds in the lattice will
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be assigned the same coupling strength, the model
thus being spatially isotropic, in a definite sense.
However, the interactions themselves are not reflec-
tion symmetric, so we may define layers in the sys-
tem; these will be taken as the lattice planes normal
to the principal diagonal vector

d .
=37 . 5.1
i=]

Each nearest-neighbor pair in the lattice thus consists
of spins in two adjacent layers. The reduced Hamil-
tonian to be considered is expressed simply by

d 2 2 .
X=333 EKl—k(mods)P"ﬁ‘P‘ﬁ'ﬁ»I (5.2)

R i=1k=0 /=0

in which no direct in-layer interactions appear.

A simple approximate renormalization group may
be generated easily for this Hamiltonian by using the
bond-moving procedure of Kadanoff.!'2 The result-
ing recursion relations for a lattice rescaling factor, b,
are
pd—1

, m=0,1,2 , (5.3)

2
Tnlr =A[ 2 Tk Tm—k(mod 3)
k=0

where T,, =expK,, and A =A(T,,T,,T,) is chosen to
preserve the normalization condition

2
S T,=1. (5.4)
m=0

These recursion relations map the unit A triangle into
itself. However, this map is not properly invertible,
the inverse being either nonexistent or multivalued
in most regions of the triangle. This noninvertibility
of the renormalization-group recursion relations is an
essential feature leading to the novel phase diagrams
reported below.

The Migdal-Kadanoff recursion relations are, of
course, approximate as applied to the hypercubic lat-
tice Hamiltonian (5.2). However, it has been not-
ed!> !4 that when b and 597! are both integral there is
an alternative, although rather unphysical lattice
structure for which these renormalization-group re-
cursion relations are exact. This pseudolattice or frac-
tal'5-16 fattice is generated from a simple graph of two
sites connected by a bond through an infinite number
of repeated applications of the following two steps:

(i) Replace every bond in the lattice with »9~! parallel
bonds; and (ii) decorate every bond in the new lattice
with (b —1) new sites. A section of this lattice for
the case b =d =2 is shown in Fig. 3. The majority of
the sites have coordination number z =2, but there
are sites in the lattice with coordination number

2, =2* where k becomes arbitrarily large. Thus the
lattice is not fully homogeneous or translationally in-
variant; nevertheless it is important in understanding
the behavior of the recursion relations (5.3) to note

FIG. 3. A section of the hierarchical or fractal lattice for
which the Migdal-Kadanoff renormalization group is exact.
The case b =d =2 is illustrated.

that the lattice displays effective periodicities of a
hierarchical nature. The set of sites with

z =2b"4-D_for n integral, constitute a superlattice
that consists of every b"th ‘‘layer”’ of the original lat-
tice. For every integer n, therefore, there is an effec-
tive periodicity in the lattice of 5" lattice bonds. It
can be seen that the sites of very high coordination
number play an important role in keeping the modu-
lated order always locked commensurately to the lat-
tice structure. In the hypercubic lattice there are, of
course, no sites of anomalously high coordination
number so truly incommensurate phases are more
likely to occur. However they cannot be found by
using the simple recursion relations (5.3).

Since the recursion relations (5.3) are exact for a
certain layered lattice structure they must respect the
full symmetries of the model as discussed above, and
embodied in (4.3) and (4.6). Let the recursion rela-
tions be written as

)\,=mb.d()\) s (5.5

where \ is defined by (3.5), as before. The sym-
metry (4.3) is respected in that

RO\ =[®RN)]I*, (5.6)

from which it follows that if A is a fixed point then
Ao is also a fixed point. The symmetry (4.6) is also
respected because

mb,d(Xé’Z"i/J) ='32"ib/3mb,d()\) . 5.7

Thus, in the case b =2, if A is a fixed point then
o€ $27i/3 are not individual fixed points, but together
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make up a fixed cycle of period twa iterations. We
will in fact find fixed cycles of all periods in this
model.

This renormalization group may be linearized about
a fixed point A. in the standard way.!%?° The result-
ing linear operator has just two eigenvalues, Ay and
A;. From (5.6) we find that the eigenvalues of the
renormalization group linearized about the fixed
point AS are AJ and Af. But since the A; are roots of
a real quadratic equation, either both are real, in
which case A;= A/, or else one has Ag=A}. In ei-
ther case the eigenvalues at the fixed points A, and
A are identical. Similar reasoning, using Eq. (5.7),
shows that the eigenvalues of the renormalization
group with b =2 at either of the two fixed cycles of
period two, A.e X273 or \*e*i27/3 are also the same
as those at A\.. These four fixed cycles, two of period
two and two of period one, thus have the same
eigenvalues and occur at points in the phase diagram
that are equivalent under the symmetries (4.3) and
(4.6). They constitute what we will call a class of
fixed cycles, i.e., a set of fixed cycles which are
equivalent under either (5.6) or (5.7) and which thus
have the same eigenvalues. Note that all such classes
of fixed cycles will contain at least one ‘‘vertex,”’ or
point in the cycle, in each sextant of the A phase dia-
gram. Thus, again, one need examine only a single
sextant of the phase diagram: what is found there
will simply be repeated in the other five sextants.

Because the recursion relations (5.3) operate in a
two-dimensional parameter space, (the complex A
plane) the renormalization group linearized about a
fixed cycle has only two eigenvalues. Thus there are
three main types of stability possible for a given fixed
cycle. It is an attractor if both eigenvalues are less
than unity, it is critical if one eigenvalue is less than
unity and the other is greater than unity, and it is
multicritical if both eigenvalues exceed unity.

We turn now to the construction and analysis of
the phase diagrams following from the recursion rela-
tions (5.3).

VI. FIXED POINTS AND PHASE DIAGRAMS

The renormalization-group recursion relations (5.3)
have been studied numerically and analytically for
b =2 and for various values of the dimensionality
parameter 4. the results are reported in this and the
following section.

As seen in the one-dimensional case (d =1), there
are always two trivial fixed points, namely A =0 and
A=1. The former, P, is an attractor for all 4 the set
of all points in the phase diagram that are attracted to
it under repeated iteration of the recursion relations
represents the disordered, or paramagnetic phase.
The fixed point, F, at A=1 (or Ty=1, T;=T,=0) is
an attractor for d > 1 and represents the fully or-

dered ferromagnetic state. This fixed point is located
in one corner of the triangular phase diagram (see
Fig. 1). The other two corners, representing the
states with maximal or saturated chiral order, make
up a fixed cycle of period two under the b =2 recur-
sion relations which is also an attractor for d > 1.
These two classes of attractors, the disordered point
A =0 which is in a class by itself and the ordered
fixed cycles A=1 and A =ei2""/3, are the only attrac-
tors present in the model: both have eigenvalues
A0=A1=0 ford > 1.

Let us now restrict attention to d > 1; there is then
a region of the phase diagram containing the attractor
A =1 which represents an ordered phase with non-
modulated or simple ferromagnetic order. This fol-
lows because all points in this phase approach, under
the discrete action of the recursion relations, the
fixed point A =1 on a quasismooth trajectory lying to-
tally within the phase (see, e.g., solid points
3,4,5 ... in Fig. 4). On the boundary of this phase
there are three fixed points which are labeled Cy, C*,
and C~ in Fig. 5, where the phase diagram, con-
structed numerically, is exhibited for d =2. The

L

FIG. 4. Phase diagram for d =2.50 showing the major
classes of ordered phases (see also Fig. 8 below) and illus-
trating some (discrete) trajectories under the b =2 renor-
malization group. The label ““START’’ marks the initial

. . 1 . 13 .
points, one with go =7, the other with g =¢. Successive-

ly renormalized states are labeled 1,2, . ... To identify the
initial phases first follow the trajectory of the open circles

backwards: point 5 has g5 =% and so point 4 has g4 =%
and point 3 has g3 = -l-lé- Point 2 could have g, = 31; or ;%

but in view of its location the latter is clearly correct. Con-
tinuing two steps further gives gy = ;—Z. All points within

the ¢ =% phase map, after three steps, into the ¢ =0 phase
in a fashion similar to the sequence of solid circles illustrat-

ed.
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FIG. 5. Phase diagram of the three-state chiral model on
the b =2, d =2 lattice illustrated in Fig. 3. There are six
distinct ordered phases. Note that the critical fixed points
C;* and C;(i=0,1,2) lie just inside the triangle.

fixed point Cj is on the real (or 7= T,) axis and
represents the critical point of the standard three-
state Potts model. In the context of the present sys-
tem this is a multicritical fixed point. All other
points on the boundary of this ferromagnetically or-
dered phase are attracted to either C* or C~, those in
the lower half plane to C~ and those in the upper
half plane to C*. These two critical fixed points be-
long to the same class; if C* is located at A, then C~
is at AY. The five fixed points P, F, Cy, and Ctare
the only fixed points found in this model. Their
eigenvalues are reported in Table 1.

By the symmetry (4.6) we know that there must be
chirally ordered phases similar to the ferromagnetic
phase but located in the other corners of the A trian-
gle (see Figs. 4 and 5). In anticipation of a prolifera-
tion of different chirally ordered phases we introduce
here a systematic method for characterizing the na-
ture of the order in these phases.

The identification of the different ordered phases is
based upon the hypothesis, embodied in Eq. (4.10),
that for every point in the phase diagram there is a
wave number g (A) that characterizes the spatial
modulations in the two site correlation function
(2.13). In the following we explicitly construct the
function ¢ (A). Because of the discrete nature of the
lattice the wave number g (A) may always be chosen
to be within the ‘‘first Brillouin zone,”” which will be
taken as 0 <g¢ < 1. Under application of the b =2
renormalization group the lattice is rescaled by a fac-
tor of 2 so we have

g(\)—g(N)=2q(N) —[2g(N)] , 6.1)

where [x] denotes the integral part of x. The inverse
of this transformation is evidently double valued; one
has either

qg(N)=q(\)/2 , (6.2a)
or

g(\) =[qg(\)+11/2 . (6.2b)

Assuming ¢ (\') is known, this ambiguity in g (\)
will be removed by asserting a weak ‘‘monotonicity”’
in g ()\). It was proven above that on the line A =|A|
one has ¢ (1) =0, while on the line A =|\|e™/, one
has g(\) = % These two lines enclose the first sex-
tant of the phase diagram, within which we assume
(IEIOVES % In light of the relations (4.3) and

(4.6) this is equivalent to the more general assertion

TABLE 1. The eigenvalues of the linearized renormalization group at the fixed points.

Yi

Aj=
Fixed point d Yo »
P Arbitrary — oo — o0
F h d>1 — oo — oo
Cy 1+e € €
2 0.83 0.42
2.5 0.97 0.52
3 1.03 0.62
d— oo 1 1
ct 1+e € -1
2 0.99 -1.7
2.5 1.50 -3.0
3 2.00 . —49
d—oco d—1 — oo
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that if A=|A|e’®, where
ml6 <¢/2m < (m+1)/6 , 6.3)
in which m is an integer, then one has

ml6sqg(\)<(m+1)/6 . 6.4)

This conclusion is certainly valid in a mean-field-
theory treatment of the system, as well as in the
high-temperature expansion discussed above: see
(4.8). As will be shown, the relations (6.1) to (6.4)
together with the recursion relation (5.5) serve to
determine the wave number g (1), in principle, to ar-
bitrary accuracy for all A(320), within the phase dia-
gram. Thus we construct a well-defined function

g ()\) that, for d =1 as well as for arbitrary d provid-
ed A=|\|em™3(m =0,1, ,5), is precisely the
wave number of the modulations in the correlation
function as defined by Eq. (4.7). Otherwise the
correspondence is not quite so precise, but there is
every indication that ¢ (A\) does effectively character-
ize the modulations in the correlation function at
large distances in the sense of Eq. (4.10).

There are two steps in the procedure for determin-
ing the wave vector ¢ (\): first, the recursion rela-
tions are iterated until a point A, =®"(\) is reached
at which either g (A,) is already known or » is suffi-
ciently large. Then, using relation (6.2), g (A,_;) is
determined from g (A,), ¢(\,—;) from
q(Np—1), . . ., and finally g¢()) is determined from
g(\)). Note that if g(A,4;) is known to be in an in-
terval of width €41, i.e., 11 <q(A41) < g1+ €41,
then, from (6.2), ¢ (\,) is known to lie in an interval
of width ¢, = %e,ﬂ. Thus, if ¢ (A,) is not known, we

have €, =% from (6.4) and by the above procedure

g (M) is determined to lie in an interval of width
€o=2""/6 which may be made arbitrarily small by
choosing » sufficiently large.

The points in the phase diagram that represent or-
dered phases with modulations commensurate with
the lattice are all attracted to a fixed cycle under re-
peated iteration of the recursion relations. For these
points g () is certainly known exactly, because the
wave number g (\,) at a vertex, v, of a fixed cycle is
uniquely determined by the above procedure. If the
fixed cycle closes after n steps we have g (\,)
=2"g (\,) —m (m integral) so that g =m/(2"—1).
By noting in which sextant of the phase diagram each
vertex of the fixed cycle is located one can determine
each ¢ (A,) explicitly.

For low enough dimensionality (d <2.12) one
finds numerically that the only classes of fixed cycles
present are the four previously mentioned, represent-
ed in the first sextant by P, F, Co, and C* (see Fig.
5). By the above reasoning the fixed points repre-
senting ordered states (F, Cop, and C*) have wave
number ¢ =0. They are all located either within or
on the phase boundary of the ferromagnetically or-

dered phase, which must therefore be identified as
the ¢ =0 phase. For each of these fixed points, lo-
cated at, say, A, there is a fixed cycle of period two
in the same class with vertices at A.e327/3, Each
such vertex is located within or on the boundary of
one of the two chirally ordered phases (with ¢ =%
and %) which, by the symmetry (4.6), are similar to
the ¢ =0 phase. In Fig. 5 the Potts-like fixed cycle
of period two, which is in the same class as the Potts
multicritical point C,, is labeled by C, and C,. Simi-
larly, there are two other fixed cycles, CF and C;i,
that attract all other points on the ¢ =—;— and ¢q =%
phase boundaries and are in the same class as C* and
C~. Under a single iteration of the recurs10n rela-
tions the ¢ = -1— phase maps into the ¢ =+ phase and
vice versa The three ordered phases w1th q=0
and 7 are in the same class, in that they occupy
equivalent regions of the phase diagram. In general,
if there is an ordered phase with modulations of wave
number g =gq,, the symmetries (4.3) and (4.6) dic-
tate that there will also be phases of the same class
with wave numbers g = (% +40), (% +qy), and

(1 —g¢). We will identify each such class of phases
by the wave number of its representative in the first
sextant of the phase diagram.

For dimensionality d < 2 one finds only this single
class of ordered phases. The remainder of the phase
diagram represents the disordered or paramagnetic
phase. However, one can show analytically that at
d =2 a class of three new phases appears, with
qg= -;—, %, and % For d =2 these phases exist only
at single critical points on the edge of the phase dia-
gram, namely, A = %ez""’ (see Fig. 5). As is readily
checked analytically, under one iteration of the recur-
sion relations the ¢ = % critical point, for example, is

mapped to Cy, the Potts multicritical point. Similarly,
the other new critical points, with ¢ =% and %, are
mapped onto the Potts-like fixed cycle of period two,
C,, C,. For d > 2 these new phases expand to occu-
py finite areas in the phase diagram. Thus d =d"(%)
=12 is the borderline dimension for this new class of
phases, at which they first appear, occupying only a
single critical point on the edge of the phase diagram.
By the same token, the borderline dimension for the
original class of ordered phases is d*(0) =1.

As d increases further one discovers numerically
that new classes of phases keep appearmg The thlrd
class of ordered phases, with g ——12—, e ﬁ, ﬁ, 7,
and 12 , has a critical dimension estimated numerical-
ly as just under d =2.10. The first sextant of the
phase diagram for d =2.10 is shown in Fig. 6. Under
iteration of the recursion relations the g = 1 > phase

maps into the ¢ = — phase, which in turn maps into
the ¢ = % phase. Snmllarly, the phase boundary of

,39
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FIG. 6. A portion of the phase diagram for d =2.10. The
q= 11—2 and % phases have now appeared, as have the
9= —177, %, and % phases (although these are not

shown).

the g = -117 phase maps after two iterations into the

phase boundary of the ¢ =% phase.

All points in phases with true long-range order
must be attracted to a zero temperature attractor [ F
or (R,L)] upon sufficient iteration of the renormali-
zation group. Each such point, A, must therefore
satisfy ®”(\) = \,,, for some n, where A, is a point
within a member of the original class of ordered
phases, i.e., g(\,) = -;—m (m integral). Thus we find
that the wave number identifying a phase with true
long-range order must satisfy ¢ =m27"/3, where m
and n are integers, with m odd. The ¢ =m2™"/3
phase maps, under ® ”, into the ¢ =m (mod3)/3
phase.

The general character of the ‘‘trajectories’’ under
the recursion relations is illustrated in Fig. 4, which
shows two examples for d =2.50. Four different
classes of ordered phases are also shown in this fig-
ure. The solid point marked “START”’ is in the
q =% phase and, after three iterations, is mapped
into the ¢ =0 phase, passing through the ¢ =% and
% phases on the way. In no sense can a smooth
“flow”> be drawn through the first four points on this
trajectory; however after arriving in the ¢ =0 phase
the trajectory does become quite smooth. The open
point marked ‘“‘START”’ just outside the ¢ =-;—
phase, is actually in the very slender ¢ = —;2—
=13(27%)/3 phase, whose boundary is not drawn in
Fig. 6. After five iterations of the recursion relations
this point is mapped into the g =% phase, passing
through the ¢ =%, %, -117, and % phases on the
way. It is subsequently attracted to the zero tempera-
ture fixed cycle of period two (R,L), all the while

jumping back and forth between the ¢ =% and %

phases.

Since the mapping ®" is continuous the boundary
of the ¢ =m27"/3 phase maps under ®” into the
phase boundary of a member of the original class of
ordered phases. Thus all ¢ =m27"/3 phase boun-
daries are governed by just two classes of fixed cy-
cles. There is at most one multicritical point on the
boundary of each ordered phase that is attracted to a
Potts-like fixed cycle. The critical behavior at each
such Potts-like multicritical point is the same as that
at the fixed point C, the critical point of the Potts
model. The remainder of each phase boundary is
governed by the class of fixed cycles represented in
the first sextant by C*. The one relevant eigenvalue
at these fixed cycles is numerically well approximated
by Ag=2"!for all d > 1. Therefore, everywhere on
each phase boundary except at the Potts-like mul-
ticritical point the specific heat (or other appropriate
susceptibility) is singular with the critical exponent
satisfying

02—7‘,—_—1— . (65)

In the vicinity of each Potts-like multicritical point
there is a crossover between the two types of critical
behavior. The crossover exponent satisfies

lnA1
N InAy

bp <1 (6.6)

(see Table I) so that all phase boundaries remain
smooth with a continuous tangent at the Potts-like
multicritical points.

One finds numerically that as d is increased beyond
d =2.10 new phases appear in large numbers. In
fact, as we. will demonstrate, the number of distinct
ordered phases diverges at a critical dimension, d,,
estimated numerically as d; =2.125. The qualitative
mechanism for this is illustrated in Fig. 7, where a
small portion of the phase diagram containing the
fixed point C* is shown for dimensionalities just
below and just above d;. The renormalization group
may be linearized about the fixed point C* simply as

(xp) = (x",y)=(Ax, Agy) , 6.7

where the x and y axes represent the scaling axes and
Ap>1> A,. The x axis is simply the boundary of
the ¢ =0 phase, while the y axis is roughly parallel to
the edge of the phase diagram, which represents zero
temperature (recall Fig. 2). For d < d, the y axis
does not intersect any ordered phases. The point in
the ¢ =27"/3 phase that is closest to the y axis is
(xn,y»). From the linearized recursion relations we
see that the point in the ¢ =27"/3 phase that is
closest to the y axis is

Oeovi) = (X /AT, yu/ AT . 6.8)

But the edge of the phase diagram is roughly at
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d<d,

d>d

FIG. 7. A qualitative illustration of the divergence of the
number of ordered phases which occurs when d passes
through 4.

x =xo. Thus for x, > xo the ¢ =27"/3 phase is ab-
sent, being outside the phase diagram in the non-
physical region. As d increases the ordered phases
grow. Let d; be the dimensionality at which the

q =27"/3 phase first intersects the y axis; for d suffi-
ciently close to d; we may approximate x, to linear
order in d as

x,(d) =X(d,—d) , (6.9)

with X > 0. The borderline dimension d*(27"/3) is
the dimension at which the ¢ =27"/3 phase first ap-
pears as a single point on the edge of the phase dia-
gram and above which the ¢ =27"/3 phase is always
present. For small y the edge of the phase diagram is
at x = xo; thus for d =d*(27"/3) we have

X0 =Xp (d) = A}"x,(d) = A?™™X(d,—d) (6.10)
from which we see that
d*(27™/3) =d; —xgA}™/X . (6.11)

Clearly, as d approaches d, from below the number
of distinct ordered phases diverges, with all ¢ =2""/3
phases, m =1,2,3 . .., appearing.

The situation for d > d, is also illustrated in Fig. 7,
in the limit m — oo the ¢ =27"/3 phase is infinitely
slender and parallel to the g =0 phase boundary, ex-
tending from the edge of the phase diagram all the
way to the Potts fixed point, C.

The critical dimension d, is just the first of an in-
finite number of such critical dimensionalities. For
example, there is a very similar critical dimension, d,,

for each odd integer / at which all the ¢ =127"/3
phases, m=1,2,3, ..., first appear. As will be in-
dicated in the next section, the evolution of the
phase diagram as d increases is very rich in detail.

VII. EVOLUTION OF THE COMPLETE
PHASE DIAGRAM

As the dimensionality is increased beyond d; new
phases continue to appear. This continues until a fi-
nal critical dimension, d, =2.625, is reached, at
which point the phase diagram appears to be com-
plete, with an ordered phase for every rational frac-
tion g satisfying 0 =<g < 1. Some features of the
evolution of the phase diagram as d is increased to
this final critical dimension and the resulting ‘‘com-
plete’’ phase diagram are described briefly below.

One important feature is the appearance of new
fixed cycles with periods of three or more iterations.
To understand the origin and nature of these new
fixed cycles it is helpful to consider the ‘‘qo mani-
folds,”” each of which consists of all points, A, in the
phase diagram where the wave number g (1)), is
equal to a given go. Under the operation of the re-
cursion relations the gy manifold clearly maps. into
the 2o manifold. For d =1 the g, manifold is sim-
ply the line segment A = re'm0 (0 < r <rp.), which
extends from A =0 to the edge of the phase diagram
at A= rm,xezm". As d is increased above unity each
g0 manifold deviates from its original straight line -
form, though remaining in approximately the same
location. For go=m2~"/3 the manifold expands, as d
exceeds the borderline dimension of the g =m27"/3
phase, to encompass that phase and its boundary. If
qo is irrational it appears from the numerical studies
that for d = dy the go manifold terminates at a point
well short of the edge of the phase diagram. The
function g (A) is found to be monotonic in the fol-
lowing sense: if ¢; and 8q are rational with 0 < 8¢
<< 1 then the ¢; manifold and the (g; + 8g) mani-
fold enclose a narrow, roughly wedge-shaped region
of the phase diagram that contains the g manifold if
and only if ¢, < g9 < g, + 8q.

If gy is a rational fraction it can be written in the
form /27™/(2"—1), with /,m, and » integers. (The
proof of this is left to the reader.) The /27™/(2"—1)
manifold maps, under ® ”, into the k/(2"—1) mani-
fold, where k =/[mod(2”—1)]. The ordered phases
described in the previous section correspond to the
case n =2. For n > 2 we find that the k/(2"—1)
manifold is a simple curve extending from A =0 to
the edge of the phase diagram. Under ® " this line
maps into itself. There is a borderline dimension
d*[k/(2"—1)] below which all points on this mani-
fold are attracted to the paramagnetic fixed point
A =0 upon repeated application of ®". It is easily
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shown that for d < d*[k/(2"—1)] the k/(2"—1)
manifold is actually contained within a (possibly ex-
tremely thin) region of the paramagnetic phase that
extends out to the edge of the phase diagram. Fur-
thermore, the ¢ =[k/(2"—1) +11/2™ manifold, and a
region of paramagnetic phase containing it, map
under ® ™ into this region of paramagnetic phase con-
taining the k/(2"—1) manifold. Thus as long as

d < d*[k/(2"—1)], for any k or n, there are regions
of paramagnetic phase extending to the edge of the
phase diagram which are dense in g space. Between
any two ordered phases therefore there must be re-
gions of paramagnetic phase.

Numerical study reveals that what happens at
d=d*[k/(2"—1)] can be described as a simple bi-
furcation. A new fixed point of ® ” appears on the
k/(2"—1) manifold which has eigenvalues Ay > 1
= A,. Note that a fixed point of R " is a fixed cycle of

period » under the action of ®. For d > d*[k/(2"—1)]

this marginal fixed point of ®" bifurcates into a mul-
ticritical point and a critical point. The k/(2"—1)
manifold is then separated into two parts by the mul-
ticritical point. The part nearest the A =0 fixed point
is still attracted to it and remains in the paramagnetic
phase. The rest of the line, however, is attracted to
the new critical point and thus represents a new
phase with modulated order of wave number

g =k/(2"—1). This phase is confined to the one-
dimensional manifold of points attracted to the new
critical point so, in contrast to the ¢ = m2™"/3 phases,
occupies a region of measure zero in the phase dia-
gram. Apparently, all the bifurcations occur in the
dimensionality range d; < d < dy, the final bifurca-
tion occurring at dy being that associated with the
fixed cycle of period six governing the ¢ = %, %,
%, %, and % phases.

To summarize, for d = d, the renormalization-
group recursion relations (5.3) appear to yield an or-
dered phase with modulations in the local order
characterized by a wave number q for every rational
fraction ¢g. There are two distinct types of ordered
phases. Those with ¢ =m27"/3, where m and n are
integers, occupy a finite area in the phase diagram
and the points within these phases are attracted to
zero-temperature fixed cycles under sufficient itera-
tion of the renormalization group. The remainder of
the ordered phases occur only on single lines in the
phase diagram and the points in these phases are at-
tracted to finite-temperature critical fixed cycles of
period three or more. One would expect that the
correlation function at a finite-temperature critical
point might exhibit power-law decay at long dis-
tances. Thus the latter ordered phases appear to
have algebraic order, in contrast to the former, which
have truly long-range order.

It appears that for d = d, the paramagnetic phase
no longer extends to the edge of the phase diagram.

4
9>

The phase diagram is thus divided into two regions:
the paramagnetic phase in the center and a region of
ordered phases around the outside. The boundary
between these two regions is not a simple smooth
curve since it contains a multicritical point where it
intersects the ¢ manifold for every rational fraction q.
At the Potts-like multicritical points, for ¢ =m27"/3,
the curve is smooth, but at all the remaining mul-
ticritical points the crossover exponent appears to be
greater than unity so that cusplike singularities are to
be expected. Thus the boundary between ordered
and disordered phases appears to be singular every-
where, because the rational numbers are everywhere
dense on it.

The first sextant of the phase diagram as construct-
ed numerically for d =2.50 is shown in Fig. 8. This
is not really the ‘‘complete’’ phase diagram, but to
detect the absence of certain phases requires looking
at minute numerical details. For example, near the
edge of the phase diagram the sliver of paramagnetic
phase containing the —;— manifold is approximately of
width 10, being hemmed in by the ¢ = (+ +271%/21)
and ¢ = (—;— —2721/7) phases on either side. In Fig. 8
the ¢ = m27"/3 phases are displayed for n <4. Note
that for n > 2 a ¢ =m27"/3 phase occupies a narrow
strip of the phase diagram. For d > 2.5 we find that
the width of the strip is approximately proportional to
2-(d-Dn The shaded regions in Fig. 8 are thus occu-
pied by ordered phases too slender to resolve, as well
as by others that live only on single lines. Because
d =2.50 < dy there are also slender strips of paramag-
netic phase between adjacent ordered phases.

The wave number ¢ (A) has been calculated at in-
tervals of 1073 in Im\ along the line segment marked
AB in Fig. 8, namely ImA +ReA=0.7. The data are
exhibited in the lower trace of Fig. 9. The wave
number g (\) has also been obtained on 4B in the
vicinity of the ¢ =0 phase boundary at intervals of
107% in Im\. These data are exhibited in the upper

d4=2.50

FIG. 8. Section of the phase diagram for d =2.50. The
principle ordered phases are shown eiplicitly and labeled by
their wave numbers. The shaded regions contain many
slender ordered-phase regions and slivers of paramagnetic
phase (see also Fig. 4, above.)
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FIG. 9. Variation of wave number across the phase dia-
gram. The lower plots show g (\) along the section 4B in
Fig. 8, namely ReA +ImA=0.70. The upper plot depicts a
portion of the lower trace magnified by 1460 times in  the
horizontal and by 128 times in the vertical directions, re-
spectively, to demonstrate the high degree of self-similarity
of this ‘‘devil’s staircase.” '

trace of Fig. 9 with a scale appropriate to demonstrate
an apparent high degree of self-similarity of the
graph: it looks essentially the same no matter what
power of magnification is used to examine it. This
self-similarity appears to be strictly true only for

d =d;. Each ‘“‘step” in this ‘“‘devil’s staircase”!®
represents an ordered phase. For d < d, there is ac-
tually a “‘ramp”’ of finite slope between each pair of
adjacent steps where ¢ varies continuously. This
ramp represents the region of paramagnetic phase
between the two ordered phases. As indicated above,
to see the incompleteness of the devil’s staircase
shown in Fig. 9 requires examining it at scales of or-
der 10~ in Im\. Ford = dg, however, the phrase
‘“‘pair of adjacent steps’’ is meaningless, because
between any two steps there are an infinite number
of additional steps, just as between any two rational
numbers there are an infinite number of additional
rational numbers.

In Fig. 10 the phase diagram for d =2.50 exhibited
in Fig. 8 is shown replotted in the (7, ) plane to il-
lustrate its resemblance to phase diagrams of the
ANNNI model obtained by other methods.?~5 The
correspondence between (kzT/J, k) and (T}} is ob-
tained by equating (3.1) and (3.8) and, explicitly, is

2J/kgT=1n(T¢/T\T,) , 7.1
2xJ/kgT =In(T/T,) . (7.2)

These phase diagrams contain an infinite number
of distinct ordered phases and an infinite number of
fixed cycles (not illustrated). The principle ordered
phases, with the wave number of the modulations in

Para

FIG. 10. The same phase diagram for d =2.5 as in Figs. 4
and 8 replotted in the (7, x) plane to illustrate the analogy
with the multiphase behavior of the ANNNI model (Refs. 3
and 5). The locus 4B in Fig. 8 and the wave-number plots
of Fig. 9 correspond to a locus in this representation running
from the Ferro or ¢ =0 phase to the central ¢ =% phase,
which corresponds to the (3,3) or (3) phase (Ref. 5) in the
ANNNI model.

the local order satisfying ¢ =m27"/3 with n small, oc-
cupy relatively large areas of the phase diagram.
Between these principle phases are regions where
there are many ordered phases, each occupying a
very slender strip of the phase diagram or else re-
stricted to just a single line. For d < d;=2.625 there
are also strips of paramagnetic phase between all or-
dered phases. Within these regions of many slender
phases the correlation length is always quite large.
Thus the whole region is effectively critical and might
be regarded as a region of incommensurate algebraic
order since a high-resolution experiment or calcula-
tion is required to resolve the very slender commen-
surate phases.

Finally note that our analysis represents the exact
solution for the three-state chiral model on the
hierarchical pseudolattice described in Sec. V. From
that point of view the details of the phase diagrams
are of concrete interest. However, the problem of
greater physical interest is the model on a hypercubic
lattice. The Migdal-Kadanoff renormalization
scheme probably generates only a very rough approx-
imation for that problem. Only the coarser, more
qualitative features of the phase diagrams we have
exhibited should be taken seriously as possibly apply-
ing to the three-state chiral model on a hypercubic
lattice.

It is worth remarking that even more intricate
phase diagrams may be obtained by considering p-
state models with p > 3 or by adding terms to the
Hamiltonian (5.2) which break the cyclic symmetry
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of the three-state chiral model. The fi/l Hamiltonian
space for a general three-state model with spatially
isotropic nearest-neighbor interactions only, is eight
dimensional. This paper has explored a two-dimen-
sional manifold in that space which is, in a sense,
orthogonal to the five-dimensional manifold explored
previously in a study of the general three-state model
with unbroken exchange symmetry.2!

ACKNOWLEDGMENTS

I am grateful to Michael E. Fisher, Julia M. Yeo-
mans, and P. Holmes for helpful discussions and, in
particular, to Professor Fisher for critical reading of
the manuscript. The work has been supported by the
National Science Foundation in part through the Ma-
terials Science Center at Cornell University.

1S, Aubry, in Solitons in Condensed Matter Physics, edited by
A. R. Bishop and T. Schneider (Springer-Verlag, Berlin,
1978), p. 264.

2R. J. Elliott, Phys. Rev. 124, 346 (1961).

3W. Selke and M. E. Fisher, Phys. Rev. B 20, 257 (1979); Z.

Phys. B 40, 71 (1980).
4P. Bak and J. von Boehm, Phys. Rev. B 21, 5297 (1980).
5M. E. Fisher and W. Selke, Phys. Rev. Lett. 44, 1502
(1980); Philos. Trans. R. Soc. London (1981) (in press).
6]. Villian and M. B. Gordon, J. Phys. C 13, 3117 (1980).
7S. Ostlund, Phys. Rev. B 24, 398 (1981).
8R. B. Potts, Proc. Cambridge Philos. Soc. 48, 106 (1952).
9J. V. José, L. P. Kadanoff, S. Kirkpatrick, and D. R. Nel-
son, Phys. Rev. B 16, 1217 (1977).
10D, R. Nelson and M. E. Fisher, Ann. Phys. (N.Y.) 91, 226
(1975).
11A. A. Migdal, Sov. Phys. JETP 42, 743 (1976).
12, P. Kadanoff, Ann. Phys. (N.Y.) 100, 359 (1976).

13G. Forgacs and A. Zawadowski (unpublished).

14A. N. Berker and S. Ostlund, J. Phys. C 12, 4961 (1979).

15B. B. Mandelbrot, Fraciuis: Form, Chance, and Dimension
(Freeman, San Francisco, 1977).

16Y. Gefen, B. B. Mandelbrot, and A. Aharony, Phys. Rev.
Lett. 45, 855 (1980).

17, Stephenson, Can. J. Phys. 48, 1724 (1970).

18For simplicity it is assumed that the eigenvectors all exist.

This assumption is not necessary for the argument that
follows, as is shown by W. J. Camp and M. E. Fisher,
Phys. Rev. B 6, 946 (1972).

19D, A. Huse, M. E. Fisher, and J. M. Yeomans, Phys. Rev.
B 23, 180 (1981); J. Appl. Phys. 52, 2028 (1981).

WSee, e.g., M. E. Fisher, Rev. Mod. Phys. 46, 597 (1974).

2IM. Kaufman, R. B. Griffiths, J. M. Yeomans, and M. E.
Fisher, Phys. Rev. B 23, 3448 (1981); J. M. Yeomans and
M. E. Fisher, Phys. Rev. B 24, 2825 (1981).



