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We use the symmetry arguments of Laudau and Lifshitz, described in the preceding papers, to derive the
Landau-Ginzburg-Wilson Hamiltonians corresponding to several antiferromagnetic systems. The phase
transitions associated with these models are then studied using the exact renormalization-group technique in
d = 4 — ¢ dimensions. We find that the fcc type-III antiferromagnets {m 1[100], K = (1/2,0,1)} and the spiral
magnets Eu and Cr are described by two n = 12 models. For both models, the renormalization-group recursion
relations have no stable fixed points. This might explain the existence of first-order transitions in Cr and Eu.
We also find that the antiferromagnet MnS, is described by the n = 6 model derived by Mukamel and
Krinsky to represent TbD,, Nd, and K,IrCl. Since this model has one stable fixed point, it is predicted that
the four compounds belong to the same universality class. Similarly, the spiral magnets Tb, Dy, and Ho
correspond to the n = 4 model which was used to describe NbO,, TbAu,, and DyC,, and it is predicted that
they all have the same critical behavior. Existing experimental data are discussed and several experiments are

suggested.

I. INTRODUCTION

In the preceding papers,'’? the Landau theory of
phase transitions® and the renormalization-group
technique?’ ® were used to discuss the phase tran-
sitions in several »n = 4-component physcial sys-
tems. In this article, we use the symmetry argu-
ments of Landau and Lifshitz to derive the Landau-
Ginzburg-Wilson (LGW) Hamiltonians correspond-
ing to the following antiferromagnetic systems:
Cr, Eu, MnS,, Ho, Dy, and Tb. The phase tran-
sitions associated with these Hamiltonians are
then studied by the exact renormalization-group
technique in d =4 — € dimensions.

Europium and chromium exhibit first-order
antiferromagnetic transitions. The transition in
Cr has puzzled theorists for years, and despite
numerous attempts to clarify the nature of the
transition using various microscopic models to-
gether with mean-field-like theories, no satis-
factory explanation has yet been reported. We
find that the transitions in Cr and Eu are described
by an n =12-component LGW Hamiltonian. In
studying the model by the renormalization-group
technique we find that it possesses no stable fixed
points. This lack of stable fixed points might ex-
plain the first-order nature of the transition in
both metals. Similarly, we find that the type-III
antiferromagnets with paramagnetic space group
Fm3m, propagation vector k in the [ 01] direc-
tion and magnetic moments perpendicular to [100]
are described by an » =12 model which has no
stable fixed point.

MnS, is a cubic type-III antiferromagnet.

The transition in this compound is described by
the » =6 LGW Hamiltonian which has been used by
Mukamel and Krinsky!*? to discuss the transitions
in K,IrCls, Nd, and TbD,. Since this Hamiltonian
has one stable fixed point, it is predicted that
MnS, belongs to the same universality class as
K,IrCls, Nd, and TbD,. Similarly, we find that
the transitions in the spiral magnets Tb, Dy, and
Ho are described by the » =4 LGW model which
has been used by Mukamel and Krinsky''?:¢ to
discuss the transitions in NbO,, DyC,, and TbAu,.
It is therefore predicted that all these-six com-
pounds exhibit the same critical behavior. We
believe it would be of great interest to test these
predictions experimentally.

The paper is organized as follows: in Sec. ITA
we construct the n =12 LGW Hamiltonian which
corresponds to the type-III antiferromagnets with
m1[100], and derive the appropriate recursion
relations to first order in €. In the Appendix we
show that these recursion relations have no stable
fixed point. In Sec. II B we derive the appropriate
n =12 LGW Hamiltonian for the spiral magnets
Eu and Cr, and show that the recursion relations
which correspond to this Hamiltonian have no
stable fixed point. In Sec. II C we show that the
n =6 type-III antiferromagnet MnS, belongs to the
same universality class as K,IrCl;, TbD,, and
Nd. InSec.IID we show that the n =4 spiral mag-
nets Tbh, Dy, and Ho correspond to the same fixed
point as NbO,, TbAu,, and DyC,. We also discuss
the existing experimental data on the critical be-
havior of Tb and Dy. The main results are sum-
marized and discussed in Sec. III.
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13 PHYSICAL REALIZATIONS OF N =

II. LANDAU-GINZBURG-WILSON HAMILTONIANS
AND CRITICAL BEHAVIOR IN d =4 - ¢e DIMENSIONS

A. Fcc type-1II antiferromagnets with m.l[100] and k= ( %,0,1)

In the preceding papers'’2 Mukamel and Krin-
sky studied the type-III antiferromagnet with
m| [100] and & =(%,0,1). They found that the corres-
ponding » =6 LGW Hamiltonian has a unique stable
fixed point. In this section we shall show that the
phase transition in the fcc type-III antiferromagnet
with mL[100] and space group Fm3m is described
by an n =12 Hamiltonian which has no stable fixed
point. This magnetic structure has not yet been
observed in a system with the cubic Fm3m sym-
metry. The type-II antiferromagnet B-MnS (Ref. 7)

(3)

FIG. 1. The six magnetic lattices of type-III antiferro-
magnets. The lattices 9] and (j) represent the order
parameters ¢, and ¢ 5 Pj in the case SJ.k and ¢; and
76, in the_’case g]{ k; . Black dots indicate spms in the
+P; (or k;) du'ectlon and white dots indicate spins in the
—P; (or -k, ) direction. The diagrams show half the
magnetic unit cell; the full unit cell is obtained by doub-
ling the structure in the j direction.
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has a paramagnetic space group F43m, and

the analysis descirbed below does not apply to it.
It turns out, however, that our proof of the non-
existence of stable fixed points is valid also for
the Hamiltonians describing phase transitions in
Eu and Cr (Sec. IIB).

The magnetic structure of the type-III antifer-
romagnets is shown in Fig. 1. It belongs to a
reciprocal-lattice vector k, =(3, 1, 0)(27/a), where
a is the lattice constant of the cubic unit cell. The
nonprimitive unit cell is doubled in the x direc-
tion and the sublattice magnetization is in the
y —z plane. The star of the vector k, consists of
six vectors: *k,=@4,1,0)(2n/a), +k,=(1,%1,0)
(27/a), and +k,=(0, 1 :tz)(21r/a), and the group of
k,is C,,. There are two different order para-
meters associated with each vector T{,, and they
correspond to the two possible directions of the sub-
lattice magnetization. Thus, the phase transition
is described by an n = 12-component order para-
meter. Let ¥,; p, be the components of the order
parameter which belong to the reciprocal-lattice
vectors i'l'{,, j=1,2,3, with the sublattice mag-
netization in the P; direction, where P, =y,z,
P,=x,z, and P;=x,y. We define these components
in terms of the twelve real functions ¢; », and
¢3,p;5 §=1,2,3, which are related to ¥s;,p, through
the relations

bijpy = (¢j,PI +$j,P,~)* i(¢j,Pj -3, pj) . (1)

The functions ¢,,p; and ¢,,p, are

¢1.P1= ;} o Py~ Z S o,P1

CE{B}, ue{w}l
51.1’1: Z Sa,Pl‘ ; sa,P1! Pi=y,z
ae{B}T ce{wiy

b2,p2= ; a,P2~ Z Sa,pss (2)
a B} az{w
az,Pz = Z

Sa,Pz_ ;: Sa.Pz9 P2=x,z
«fa}; oelvi;

¢3.P3= ; a,P3” Z Sa O4P3 )

ts
2 Sa.P3, Py=x,y

$S,P3 = Z Su.P3 -

ce{s}3 ae{w}s

where the sums 77, 5}, and 2 . {4}, are over the
sites of the black and white sublattices, respective-
ly, of the lattice j, and S, 2 is the P; component of
the spin on site @. The lattices j and j are de-
fined in Fig. 1. The components of the order para-
meter form a basis of a twelve-dimensional ir-
reducible representation of the paramagnetic group
Fm3m. The order parameter transforms under

the generators of this group as follows:
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C4([001]): ¢u~ + 5,
b1y = Pos
G2~ ~ Pre»
P2x= = Puy>»
Psx~ + Py

Py~ = ‘7’-3: ’

Co([111]): ¢r= gy,
b1y~ P3x >
P20~ b1y
P2x~ P1es
$3x™ P2z
Pay™ Pax 5

C,([110]): ¢~ - Pae s
b1y™ +P2x s
b2 = Pz
b2x~ +uy
P~ — Py
D3~ = Pax»

i: ¢la"‘${a;

t([302]): b~ Pues
b1~ Py
G2r™ = Do
¢2x-. —¢2: ’

Gax™ = Payx
Py~ = Pay s
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Bre~ Paes where C;([-+-]) is an I-fold rotation axis along the
_ [++-] direction, 7 is the inversion and #([330]) is a
b1y~ = o> translation of (3, 3, O)a.
Poe~™ = Pre» To set up a Landau-Ginzburg-Wilson Hamiltonian
_ _ in order to carry out the € expansion, one must
Pax™ ~ Prys know all the invariants of order ! < 4 which can be
B3z~ +bays formed by the components of the order parameter.
_ For magnetic transitions the order ! must be even,
bsy™ = b5 due to time-reversal symmetry, and one has to
find all the second- and fourth-order invariants.
Pre™ Pay s Each irreducible representation I" has only one
) second-order invariant, the sum of the squares
W e of the components of the order parameter. The
P~ $1y ’ number of fourth-order invariants is given by the
Bax— Pres number of times the symmetric part of the rep-
resentation I'* (denoted by [I'*]) includes the unit
Pz~ Pars representation. The character of the represent-
For~ Boes ation [I] is given by:
xT(g) =§x(g*) +ix(g*)x(8) +1 x(8*)x*(&)
D1z = Do +gx2(g?) +%X4(g) ’ 4)
Py~ +Pax s where g is a symmetry element of the paramag-
Poe™ = Dres netic space group and x(g) is the corresponding
— character of the representation I'. Using this
b2x=™ + Py character table and the orthogonality relations
Pax™ — Oay» one can find the number of fourth-order invari-
Fom = Bor ants which can be formed by the components of
3y 3x 9

$ia‘—¢ia’a=x’yyz;

:51:-. — >
51»" - ¢ly ’
$2¢- _5217

52::-’ - azx ’

¢3:— ¢3x ’
Py~ bay;

the order parameter.

We find that the twelve-dimensional order pa-
rameter associated with the phase transition has
nine invariants. The LGW Hamiltonian which de-
scribes the system is, therefore,

1 — —
5y == g 2 [7(0h.5+ Fp) + (V0,5 P + (V5,5 ]
J.Pj

9
- 4,0, (5)
=1

where the invariants O, are

Oy = (93, + BF)(@% + B5) + (05, + 62 ) (0], + B1y) + (93, + 63,)(95. + 83) ,

_ 42 T2 2 T2 2 T2 2 T2 2 =32 2 T
0, = 91 Pz + Py Piy + Pox Py + Poe Do+ D3y Psx + Py

_ 44 A 4 T4 4 T4 4 74 4 T4 4, Ta
Oy =Plet Pro+ Pry+ Doy + Pox + Pox + Pog + Pop + oy + Py + Py + D3y

Oy = (9Fe + B1o) (D3 + B5) + (95, + 3 ) (0%, + B5.) + (93, + B3,)(91, + B1,)

05=¢12.l §y+¢fy¢fl+¢§x¢§l+¢§l¢'§x+¢§x §y+¢§y ng

42 A2 L2 Fe 2 42 T2 T 2 42 .72 T2
Op = bfc D1y + Dre Phy + Pox Dox + Pox Pie + Pox Py + D3y Do »

6)

O, = (Fe + 1) (05 + B50) + (93, + BL)(D3, + B3,) + (95 + P2 ) (03, + B,)
+(PFe + P)(P5 + P3) + (D32 + P2 (B3, + B3,) + (95, + B2, (93, + 3,
05 = (P1e Pry = Dry Prel + (o Poe = e P2 P + (Pgy B = Pax B3y,
0y = (b1 Pry = Dry Pre)(Dax Poe = Poe Bau) + (Pax Pox = Pos Pax) (Dgy Pax = s Psy)

+ (¢3y 5& - ¢’3x $3y)(¢1: $u - ¢1y —‘1—71,) .
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4-COMPONENT...III...

Applying the e-expansion technique developed by Wilson* and retaining only terms of order lnb, where

67! is the momentum cutoff, we get the following recursion relations for the coupling constants 7 and u,:
"= b7 + (40, +2u, + 120y +4u, +2ug +2u, +Bu, +2u,) A (r)],

uy =uy +[euy — (8uf +4uyu, +24u,uy +8uu, +4ugu, +dugu, +dugu, +0.542)K, ] 1nb ,
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Uy =uy +[€up — (404f +8uf + 24uyuy + 4043 +dugug +8u2 +duguy +2u2)K, ] Inb

Uy =g +[€uy = (20f +u3 + 3602 + 2uZ +u? +ul +4u? +u2 + 2uu )K, | Inb |

Uy =uy +[€u, = Buyuy + 4, +8uZ +dugu, + dugu, +24uu, +4ugu, +0.5u2)K, ] Inb

ug =t +[€ug — (Buuyu, +Quyug +Buu, +8u? +24uu, +2u +8ugug ~ Bugu, — 8ugu, +24uu)K,|1nd (7)

Ug =g +[€Ug —

(Buyuy +4uyug +24uuq +8u,u, +8u2 + 2u +4uu,)K, | 1Ind

+leuy — (Quyuy +2uyug +2uyuq +duyu, + 24U, + 2uus +2u,ug +1202 +0.5u2 + 2ugu, +2ugu, )K,]1nb

an antiferromagnetic transition at T, =91°K. Neu-
tron-diffraction experiments indicate a recipro-
cal-lattice vector k, = (&, 0,0)(27/a) and magnetic
moments in the y-z plane® (Fig. 2). Cr undergoes
an antiferromagnetic transition at T, =310°K. It
exhibits a transverse sinusoidal magnetic struc-
ture®'1? agsociated with a reciprocal-lattice vector
k,=(%,0,0)(27/a). Since both transitions are de-

Uy =u [
ul =ug + | €uy — (Buyuy +8u g +Buguy +8uZ +2u)K, | Inb ,
Ul =uy +[€uy — (duyuy +4uug +8uguy +8ujug +12ugu, +2u2)K, | 1nd .
Here
1
K4 = 8”2 ’
t 1
A(r)= f
( ) (2 )d 1/b q2 +7
and
€e=4-d,

At a fixed point, u, =u-u. The fixed point cou-
pling constants are determined by nine coupled
second-order equations. To find all the fixed
points and test the stability is an intractable task;
however, it is possible to show without actually
solving the equations, that any fixed point of this
particular system is unstable with respect to
small deviations of at least one linear combination
of the coupling constants. A proof is given in the
Appendix. The nonexistence of a stable fixed point
might indicate that the transition is first order.
Cubic B-MnS with the zinc-blende structure has
the fcc type-IIT structure,” and the magnetic order-
ing may be described by the twelve-component
order parameter defined in Eq. (2). These com-
ponents form an irreducible representation of the
space group Fm3m, but one can show that they
form a reducible representatlon of the space group
F43m corresponding to the zinc-blende structure.
This representation decomposes into two 7 =6 rep-
resentations and the phase transition is therefore
expected to be first order due to a Landau sym-
metry argument,?

B. n=12 vector model corresponding to the spiral
magnet Eu and sinusoidal magnet Cr

Europium and chromium are bcc crystals whose
paramagnetic space group is Im3m, Eu undergoes

scribed by the same order parameter, they cor-
respond to the same LGW Hamiltonian. The star
of k, consists of the six vectors K, = (xk,0,0)21/
a), i:k =(0, £k, 0)(27/a), and +k, (0 0, £k)(21/a).
The group of k is C,,. The order parameter be-
longs to a two- d1men81onal representation of this
group corresponding to the two equivalent per-
pendicular directions of the magnetic moments,
The order parameter has, therefore, twelve
linearly independent components:

%:‘.Pj:Z St.p eyt ®)
r

where the sum is over the positions of the mag-
netic ions and S7, 3 is the P; component of the spin
located at ¥ (p, =V, z, p,=x,2z, py=x,y). It turns
out to be convenient to introduce the real order
parameters ¢, , and 9, s, defined by

(pj,pj =%(¢j,Pj 'H‘}-j,;}) ’

_ 9)

d’j.Pj = (%.pj - ¢_j'PI)/2i .
The fourth-order invariants of the order param-
eter are constructed by noting that the only fourth-
order terms which are translationally invariant
are those which can be formed as products of two
terms of the form ¢,, '3 Py PR The twelve func-
tions %.p Yoy, p) are translatxonally invariant and
transform to one another as a basis of a reducible
twelve-dimensional representation of the cubic
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FIG. 2. Helical magnetic structure of Eu. The arrows
indicate the ferrogagnetic spin alignment in the planes

perpendicular to k.

point group, By finding the second-order invar-
iants of this representation, we obtain all the pos-
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sible fourth-order invariants of the ¢,, Py The

functions ¢, p ¥_;, p+ transform under the genera-
tors of O, in the foliowing way:

C4([°01]): Vry¥ory= Yoy Pongs Vig¥ure— Yos¥zes

Cy([111]):

C,([110)):

b Yyp Yegpy = Vi Vg

‘pw w-u" 'wzx Vozes Y1 lp-[y_’ -¢’2. 4’-3, B

Vae w-zt" Vie¥-1e5
Yoy Voze— Y1 Yoy,
Yoy Ymge =~ Yay bogy

Yox Yogy= ~Pay Poge s Yoy Pz = =V Yogy 5

Yy ¥ory™ Yar Ve
Dy V1o~ Yoe¥-nx s
YoeVze™ Yax V-3x s
Yae V25~ Vax Y-sy 5
Vag Voge = Y1y ¥ory s
Vax P-3y= Y1y ¥-1a

Yy ¥ary= Yox Yopy s

iy Vore™ Vou Vo s Yra ¥y —¥oe bosy

waz w-zz - ¢u ‘p-u ’

Yae ll)_z,- “pu Yorys Pox Pz ‘¢1y Vores

Vax Yoge = Pay P_gy
Yax Ymgy= Yoz ¥osy,

Vox Yoo =~ Y1y Vorys
Voe -~ Y1y ¥aras
Yoy ¥ogy~ Vax bz s

Vie¥ore™ Vox Vose s
Vreoyy ™ Yox Ve
Vox Yoz = Pay V-gy
Vox Ve Vay Yo 5
VayVogy= Pre¥mras
Yoy hoge = V1e¥ory;

(plz w-u" llel w-zx ’

Vox Yo = Py sy,

lpsyw-ay” wax lp-m ’
Vay¥oae = Vay¥oge 5

(10)

Using these transformations we found that there

are eight second-order invariants of this repre-

sentation. However, it turns out that when the
components ¥, p are inserted, two of these in-

variants are identical; hence, there are only seven

independent fourth-order invariants which can
be formed by ¥; .p, O P;,p- We find, that these
seven invariants are O,, 20,+0,, O,, O, +0,, O,,

0,, and O, defined in Eq. (6). The LGW Hamil-
tonian is therefore given by

. _ _
Hy==5 2 [7(8} .5, +85.5) + (V9,5  +(V9,,5 F]
iP5

S
‘Zuion (11)
=1

where u, =2u, and u, =u,. The recursion relations
for the coupling constants for ¥ are thus closely
related to the recursion relations for the Hamil-
tonian 3¢, [Eq. (7)], and the proof in the Appendix
for the nonexistence of stable fixed points for 3
is also valid for the Hamiltonian 3C,.

More than a decade ago, a first-order transi-
tion was discovered in Cr.!! Despite numerous
attempts to clarify the origin of this transition,
no satisfactory explanation has been reported yet.
This behavior is, however, consistent with the
interpretation that a lack of a stable fixed point
indicates a first-order transition. Similarly,
Mossbauer and specific-heat measurements show
that the phase transformation in Eu is first order!?
Our theory may thus provide a better understand-
ing of the phase transitions on both these elements.
Another peculiar feature is that chromium with
very small amounts of various impurities exhibits
a second-order transition.!®* Furthermore, early
measurements of the magnetization in Cr and Eu
showed a clear tendency towards a second-order
behavior.2'1°'* It would be very interesting to
study random 7=4 models to see if impurities
might give rise to stable fixed points.

C. Type-III antiferromagnets: MnS,

MnS, crystalizes in the pyrite structure which
is a NaCl-like arrangement of Mn and S, groups,
with the axes of the S, groups along the body diago-
nals. The paramagnetic space group is Pa3. The
magnetic structure below the transition tempera-
ture is type-III antiferromagnet.!®> The magnetic
lattice is shown in Fig. 1. The unit cell is doubled
in the x direction, and the sublattice magnetiza-
tion is along the x axis. The phase transition in
K,IrCl,, which has the same magnetic structure,
has been discussed by Mukamel and Krinsky.!?
They found that this transition is described by an
n=6 LGW Hamiltonian with three fourth-order in-
variants. The paramagnetic space group of MnS,
(Pa3) is a subgroup of the paramagnetic space
group of K,IrCl, (Fm3m). This might give rise
to additional fourth-order invariants besides the
three found by Mukamel and Krinsky. However,
it turns out that if one applies the formula (4) for
the number of invariants using only the classes
of the space group Pa3, the number of invariants
is unchanged. This is in sharp contrast to the fcc
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type-III antiferromagnet 3-MnS, where the lower-
ing of the symmetry gives rise to four new in-
variants. The corresponding Hamiltonian is

3

0, == g 2701+ 5D+ (0,7 + (75 )

i=1

(Z +¢2)—v2(¢2+¢2)2 w2¢,¢>.

12)

with a stable fixed point corresponding to w* =0,
u*#0,0*#0. The exponents associated with this
fixed point are

v=1+2e+(605/8xX11%)e?, n=yie?. 13)

Using scaling relations the following exponents
are obtained for d=3 (¢ =1): v=0.69,3=0.38,
v=1.38, a =-0.14,

MnS, thus belongs to a large class of magnetic
systems with » =6, which to second order in € are
predicted to exhibit the same critical behavior.
Besides MnS, and K,IrCl,, this class includes sys-
tems with fundamentally different symmetries such
as TbD, and Nd. It would be of great interest to
test this universality by comparing experimental
data on the critical properties of these compounds.

D. n=4 model of the spiral magnetic systems
Tb, Dy, and Ho

The rare-earth elements Tb, Dy, and Ho crys-
tallize in the hep structure with space group
P6,/mmc. Below Ty they exhibit a spiral mag-
netic structure with magnetic moments in the
basal plane and the propagation vector k along
the ¢ direction.'*™'® This magnetic structure is
indicated in Fig. 3. The star of the k vector con-
sists of the two vectors +k =+ (0, 0, #)(27/a). For
each of these vectors, there are two equivalent
perpendicular directions of the spins in the basal
plane, so that the number of independent com-
ponents of the order parameter is four:

Dipp= ¢Pil¢P‘Zsr pe T Pox g,

(14)

Here the sum is over the positions of the mag-
netic ions, and St p is the P component of the
spin located at site T. Because of translational
invariance, the only possible fourth-order in-
variants in these components has to be of second
order in the functions ¥, p¥_, »-, which clearly
are translationally invariant and transform to
one another as a basis of a representation of the
hexagonal point group D;,. We find that there
are three second-order invariants which can be
formed from this basis. These invariants are

OF N =
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FIG. 3. Spiral magnetic structure of Tb, Dy, and Ho.
The arrows indicate the spin alignment within the hexa-
gonal planes.

01 = [(ax ¥ors) + Wy V-0,

2= 2Wex ¥ny) Ymx Yy)

k| (7920 L (7 o (15)
O3 = 2(Wnx Yorx) Wy Yony)

- %[(lpky d’-kx)z + (‘an ‘P-ky)z] .

However, the invariants O, and O, are clearly
identical, so that the number of fourth-order
invariants in the components of the order param-
eters is two. Using the real order parameters
®p and ¢, these invariants may be written

= (6% + 92+ 93+ 93 )%,
0, = (s by = b, 4 P,
and the corresponding LGW Hamiltonian is
3¢ = — 3[7(@F + B2+ 03+ 93)
VO +(Vo, P +(V0, 2 +(V3, )]
—u (@2 + 93+ 05+ 03 —up(, §, - 0, &, .
(17)

Let us rewrite this Hamiltonian in terms of the
following variables:

n1=(¢x+$y)/‘/§s ﬂ2=(¢,-$y)/ﬁ,
ﬁ2=($r+¢y)/ﬁ, ﬁ1=($x"¢y)/ﬁ-

These variables describe the “spiral” components
of the magnetization, i.e.,

(16)

(18)

OCZS’ cosk* rtS* mﬁ';,

— > - - -
Mpo™ Z xSty cosk*r +St, sink-r.
T

n, and 9, correspond to right-handed spirals and
71, and 7, correspond to left-handed spirals. 7,
and 7, are related to 7, and 7, through rotations
of 90° along the propagation vector. In this rep-
resentation, the Hamiltonian is
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1 _
5= =5 0y [7Mi+77)+ (Y0, Y+ (90, )]
1=1
2
..u< n€+1’;';?) —oYememe, (1)
i=1 1=1

where u =u, — u, and v=3u,. This Hamiltonian
was studied by Mukamel and Krinsky'*?'® to de-
scribe the phase transition in NbO,, TbAu,, and
DyC,. It was found to have one stable fixed point,
and we therefore predict, that the six compounds
Ho, Dy, Tb, NbO,, TbAu,, and DyC, all have

the same critical behavior, despite the fundamen-
tal differences in the symmetries and underlying
physical nature of the phase transitions. The
critical exponents are®

v=0.70,17=0.02, =0.39, y=1.39, @ == 0.17
(20)

As pointed out by Mukamel,® these exponents are
identical to those of the n=4 isotropic model.

We now proceed to compare these exponents
with experimental results. For Tb, the exponent
B has been measured by Dietrich and Als-Niel-
sen.'® They found 8~0.25 within the interval
0.001<1 - T/Ty<0.025. However, this value may
not be reliable due to imperfections of the crystal
and extinction.!® For Dy, Chien ef al. obtained
B~0.335 within the temperature range 0.01<1
- T/Ty<0.3. using the Mdssbauer effect.?® It
would be interesting to measure this critical ex-
ponent by neutron diffraction. The specific heat
exponents @ and a’ above and below Ty, respect-
ively, were measured by Lederman and Salamon.?
Using a “conventional” fitting method they found
a=a’=0.13, and a two region fit gave @ =a =0.18
close to Ty. This result is in disagreement with
the predictions of the € expansion, and it would
be interesting to study the critical behavior of
the other compounds in this universality group
to see whether or not they agree with the experi-
ments on Dy.

III. SUMMARY AND CONCLUSIONS

We derived the Landau-Ginzburg-Wilson Ham-
iltonian corresponding to several # =4 physical
systems, and studied the phase transitions of
these models by the exact renormalization group
in d=4 - € dimensions. We found that the type-III
antiferromagnet MnS, is described by the =6
LGW Hamiltonian which has previously been
studied by Mukamel and Krinsky to discuss the
critical behavior of K,IrCL,;, Nd, and TbD,. Since
this Hamiltonian has one stable fixed point, it is
predicted that these four compounds belong to the
same universality class, despite the fact that

their symmetries are different. We therefore
suggest a systematic experimental study of the
critical behavior of these systems. Even if the

€ expansion may not give reliable numerical esti-
mates of the critical exponents at d=3, such ex-
periments may provide a crucial test of the uni-
versality, predicted by the renormalization-group
calculations. The critical exponents, to second
order in €, for d=3 were found to be

$=0.38,7=1.38,» =0.69, @ = - 0.14. (21)

The effect of the anisotropy on the critical be-
havior of this model is easily seen by comparing
these exponents to those corresponding to the
isotropic 7 =6 model

B=0.41,y=1.45,v=0.73, @ = - 0.27. (22)

We also found that the spiral magnetic systems
Tb, Dy, and Ho are described by the n=4 LGW
Hamiltonian, which was studied by Mukamel and
Krinsky to discuss the critical behavior of NbO,,
TbAu,, and DyC,. It is thus predicted that these
six systems have the same critical behavior. The
critical exponents to second order in € and d=3
are

B=0.39,y=1.39,v=0.70, @ =~ 0.17. (23)

We suggest experiments be performed to test
these exponents. The type-III antiferromagnets
with m1[100],k=(3,0,1) and the spiral mag-
nets Eu and Cr are described by two n=12 LGW
Hamiltonians. These models were found to have
no stable fixed points. This is consistent with
the experimental result that the transitions in
Eu and Cr are first order. We suggest further
experimental studies of these systems in order
to throw light on the nature of the first-order
transitions.
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APPENDIX

In this appendix, we shall prove that there is
no stable fixed point of the recursion relations,
Eq. (7).

We introduce

%, =Ku%/€ (A1)

and get the following equations, which must be
satisfied at the fixed point:
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%, = 832 + 4X, X, + 24X Xy + BX X + AKX, + AXg X, + 4% %, + 0,522, (A2)
Xy = 42 + 822 + 240, X, + 4x% + 8X2 + dx X + dxgx, + 207, (A3)
Xy =2x2 + %2+ 362 + 2x2 + 4x2 + 22 + (2, +X,)%, a4
Xy = 8%, Xy + 4%, %, + 8X2 + 4x X, + 4 X, + 24X, %, + 4x,x, +0.5x2, (A5)
X = 8Ky + 4%, X5 + 88X, + 8xZ + 245, %, + 242 + 8X,Xg — Bxgxg — BX X, +24x,X,, (A8)
Xg = 8, Xy + 4%, + 24X, X + 8X,%; + 822 + 203 + 4x, %, (A7)
Xg = 4K Xy + 2%, X5+ 2X X + 4K, X, + 24X, %, + 20, X5 + 2%, %5 + 1223 + 0.52% + 22,0, + 2X,X, (A8)
Xg = 8(xy + X4)%, + 202, (A9)
Xg=(4x, +4x, +8x, + 8x, + 12x, + 2x,)x,, (A10)

where xg =x; + X +X,.
From (A2) and (A5) we derive the equation

%, = Xy =(x, = x,)[ 8x, +8x, +4x, — 8%, +24x,]. (A11)

Now, either x, - x, is different from zero, and the quantity in the square brackets is one, or x, —x, is
zero. In the latter case, any solution of the fixed point equations must be stable with respect to small
perturbations of x, - x,, i.e., the quantity in the brackets must be greater than one. Hence, we get the
condition

8, + 8x,+4x, — 8%, +24x,=1+C, C=0. (A12)

From Eq. (A10) we get a similar condition

4x, +4x,+ 8x, +8x, +12x, +2x521. (A13)
It turns out to be convenient to introduce the linear combinations

(A3) +2(A4): (72x% +10x3 +24x,X; — 2, — %,) + 8x% + 8x2 + 1642 + 2x[% + 2x% = 0, (A14)

(A3) +2(A4) +(A6) +(AT) +(A9): (T2x2 +10x3 +24x,X, — 2X, — X,) +x4(24%, + 4%, — 1)

+16x2 + 822 + 8x2 + 16(x, +X,)x, +2x2 +6x% + 8x2 + 8(x, + %) +242=0, (A15)

(AB) + (AT) +(A9): x5(24x, +4x, — 1)+ 8x,(2x, +2x,) + 8% + 8(x, +x,)* + 4x2 + 2x2 = 0, (A16a)
(A12) is inserted in (A16a):

2X[(X, +%,) = 2X, X0 + X, (4%, + 4%,) + 262 + 2(%, + %)% + X2 + 322 + 3Cx, (A16b)

(A2)+ (AB): (¥, +x,)(24%, + 4%, — 1 + 8x,) + 8x,x, + 8x2 + 8x% + x2=0. (Al7a)
This equation togehter with (A12) gives

4%, %, = 200,04 + %, (4%, + 4x,) + 5x2 + 5C(x, +%,) (A17b)
(A12) and (A17b) are inserted in (A8),

122 — x, (4%, + 4x, — 8X, — 2x}) + 2x4(x, +%,) + 3(x, + X, +4%,)C + 22 =0 (A18)
and (A16b) is inserted in (A18),

20x2 — x,(4x} + C) + 2x% + 2(x; +x,)? + 22+ 242+ 5C(x, + X, +x,) =0. (A19)
It is possible to show that (A14) implies the fol- ,This is most easily shown using the Lagrange
lowing inequalities multiplier formalism. For instance, to prove

24x, + 4x,<1, (A20) (A20) we form the expression

24x, + 4x, - 8x,<1, (A21a) 246+ 41 = A (300 ), (a22)
or [with (A12)] where f, is the left-hand side of Eq. (A14), mini-

mize it with respect to all the parameters
%, +x,>0. (A21b) x,***x,, and determine A from the condition f, =0.
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We find that the extremum value of 24x; +4x, is
%+%(2)V2 which is less than 1.
We also prove, that for C=0,

fa=4x +4x,~8x, = 2x,>0. (A23)
In this case we form the expression
Falxy, %4, %, X5) = A, (8%, + 8x, — 8x, + 24x; + 4x,)
=0 (X, ., Xg), (A24)

’

and again we minimize with respect to x,*** xg
and determine A, and A, from the conditions (A12)
and (A14). We find that f,>0;

As the next step we shall prove that x;<0. It
is convenient to write Eq. (A8) in the form

1252 — x,(1 - 24x, — 4x,) + 2(x, +x,)x;
+4x,%,+0.5x2=0. (A8')

Let us assume that x;>0. If C>0, then x, =x,.
Using the conditions (A12b) and (A20), we see

immediately that x,>0. If C=0, then Eq. (A18)
implies x,>0 if we consider the inequality (A23).
But now all the terms on the left-hand side of
(A19) are positive; hence we have a contradiction,
and we have proved that x; can not be positive.
Now consider Eq. (A15). It is easy to show that

1252 + 1042 + 24%, %, — 2%y = X, > = 35 (A25)

36
and we have shown that x;(24x, + 4x, - 1) 20, so
1652 + 832 + 8x2 + 16(x, +x,)x, + 2x;% + 8x2

+203+6%% + 8(x, + %, < 35.  (A26)

But the condition (A13) implies that the quantity
on the left-hand side of (A26) is greater than

55 316 The proof is easily carried out using the
La.grange formalism. Hence our system of equa-
tions have no solutions subject to the constraints
(A12) and (A13), and the corresponding Hamilto-
nian has no stable fixed point.
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