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The model of an antiferromagnet with paramagnetic nuclei is considered. The
behaviour of phase probabilities is analysed especially near zero temperature and
Neel temperature. Stability conditions show when such an antiferromagnet with
paramagnenc fluctuational nuclei is stable, metastable or unstable. The specific
heat in the vicinity of the critical point is also analyzed. The presence of hetero-
phase fluctuations can lead to the change of phase transition order from second
to first; the criteria for this change are found and discussed.

1. Introduction

A number of recent experiments have shown that many magnetic' materials
should be regarded as mixtures of competing phases. For example, polarization-
analysis measurements of the intermetallic compound Pd, ,Cu, ¢Mnln have pro-
ved that this compound is largely ferromagnetic with the remainder of antiferro-
magnetic type'’. Nuclear magnetic resonance methods?’ and ‘Méssbauer methods®
are especially fruitful for distinguishing different phases in magnetic materials. So,
the NMR study of CoTi,_,Al, and CoTi;_,Ga, has clearly demonsxated that
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in these materials there exists Co with ferromagnetic and paramagnetic properties;
the concentration of the so-called ferromagnetic Co changing under variations of
the temperature and applied magnetic field¥. The Méssbauer study has been
used to define the content of paramagnetic phase as a function of the temperature
in KFeS,%, that is an amorphous antiferromagnet®. Neutron-scattering me-
thods?-® are also quite useful for determining magnetic structures of polyphase
substances. For instance, neutron-diffraction measurements of polycrystals of
NiS, . .Se, and NiS, have argued that in these materials there coexist weak ferro-
magnetism and antiferromagnetism®’. A list of other examples of magnetic phase
mixtures can be continued!?.

A general approach for describing heterophase systems has been constructed
in Refs. 11—15. This approach has been applied to mixtures of several types:
crystal — liquid! ¢~ !®, syperconductor — normal conductor!?’ and ferromagnet
— paramagnet20-22),

In this paper we consider the mixture of antiferromagnetic and paramagnetic
states, which can coexist in some materials. A simplified model for such a mixture
was suggested earlier??®), where only the interaction between sublattices was taken
into account, and the interaction of particles inside each sublattice was neglected.
Here we investigate in detail a more general case, taking into consideration all
interactions.

2. General model

The Hamiltonian of the model can be written as follows:

A

{N[ ng)z - 22 w? -+ Awgnwgo] —

— wo? ): I U —7) 80.8p — w2 ): Ty (g — g 50 50 +

+ 2P £ TG - 0) S 50] )
N3

where 7 = 1 corresponds to the ordered phase ((3‘,(,1)) # 0, h = f, g for the values

of temperature below the critical point), # = 2 — to the nonordered phase ((S-(’Z)) =
= 0 for all temperatures); wf? are the phase probabilities (i. e. concentrations),
index j numbers the sublamc&s, the sites in the first sublattice are denoted by

£, in the second by g; S, is thevector of spin localized in the site f of the 1-st sub-

lattice (analogously S is the vector of spin localized in the site g of the 2-nd sub-
lattice), the values of spin are equal to S; and S,, respectively and not obligatory
to each other; J, (f —f"), J.(g — &), J(f — g) are exchange interactions in the
sublattices and between them, all J () are positive for all values of arguments;
A,, A,, A are constants corresponding to each sublattice and to the interaction
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between sublattices and connected with the effective direct and exchange inter-
actions in the usual way:

J, L , . ,
= —_—— = — 4 . H = e ],h' ¢ * ,h 5
A= By = s Oy = 3 | @O I, 33 Ty = 5 2 G WD C) i

|h, ') is the product of Wannier functions |A)|k') and h, ' = f,f'; g, g'; or f, g;
& (-) is the potential of a two-particle interaction; N is the number of sites in each
sublattice (in this way the sublattices are equivalent).

Let us consider now the thermodynamical properties of the system described
by the Hamiltonian (1) in the molecular field approximation. This consideration
gives us the possibility to see the main characteristic features of the system. The free
energy per site of the system in this approximation can be written as follows:

A 1 A 1
=gt g) + R (e ) +

~

1
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where
wy = wf® (WP =1 — w),
1 , 1 , R _
L= g I U= =g =g ) = g ZIU— )

Xy = % Sk |ng: ak —+ J‘ZU| wa E,, - le ngéI,

C,, C,, C are variational parameters.

To obtain self-consistent equations, defining C,, C,, C and the phase proba-
bilities w,, w,, we must minimize the free energy (2) using the minimax principle >%.
As a result, we obtain for the order parameters the following equations

6 = -él + 62,
C, = S, Bs, (x), Ci= |Cl|’ 3)
C, = SzBsa (xz), C, = |Czl,
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where Bg(x) is the Brillouin function for the spin S

25+1 285+ 1 1 |
55 cth 35 x»ﬁcthﬁx,

Bs(x) =

vectors 6, and 62 are antiparallel; to underline this fact, we change in (3) C, by
—C,, thus meaning later on that C, is negative. Ultimately we have:

4 1 4 1 w
f='—21—(w§_w1 +-2—) +—ig'(w;—wz +7) +A(W1w2_—zl—'%£+

1 1
+ ;_) + 51w G + 5 T G = Jw 0, G, C; —

1 sh _2srzs+ "3 1 sh 28223+ 2
———0n 21 —=OIn{—=22 |- (4)
2 sh 1 x 2 sh 1 x
28, ! 25, 2

_%@m(zs1 + 1= 5@l @S + 1,

2
C =& Bs; () % = G Sy (Jiﬂ"fcl — Jow,w,C,),
2
C, =38, Bs; (x2), 22 = I’} S (sz:cz — Ju,w,Cy). %)

The order parameters C,; and C, are the mean values of spin in the sites of
corresponding sublattices and are connected with the corresponding magnetizations
by the relations

- -p -
The orientation of the antiferromagnetism vector M = M, — M, in the ab-
sence of an external magnetic field is arbitrary.
For the phase probabilities in the approximation considered the following
equations can be obtained:

w =L (A4, — A% =T, (4, + A)C? —J (4, + A) C,C,
'7 2 (4,4, — A®>) — (7, 4,C* + 2JAC,C, + J,A,C) + T J, — J?) C:CY’
Q)
o — (A, Ay — A*) = J, (A, + A)C* —J (A, + A) C,C,
, =

2 (4,4, — A%) — (J,4:C} + 2JAC,C; + J,4,C) + (JJ. =T CiC;
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As the temperature approaches the Neel point (@ — @), for the case of the

2-nd order phase transition C; - 0, C, — 0 and, correspondingly, w, — %, w, =

- Using the expansion series of the Brillouin function at the point x = 0,

we have

Si(Si+1
Cy = SiBs, (x1) ~ —‘(6—(;~+—) (J1C, — JCy),

S;(S2 +1)

C, = S:B;, (x2) ~ ——?@N— (J2C, — JC)).

As was underlined above, C; > 0, C, < 0. Let us introduce the notation

S; (S, + 1 .
r,=’(+22 G=1,2)

Then for the determination of @, ¢ we have the following system of equations:

@N —_ 2T1J1 + 20711 = 0,
00y — 20757, + 27,0 =0,

and consequently the equation for o
71"’92 o d, — 1) e — 1 J=0.

Of the two roots of this equation we should choose, naturally, only the negative

- -
one, since vectors C, and C, are antiparallel (the positive root corresponds to the
maximum of the free energy). So, we have

_TIJI — 1, — [(v 1 — T2J2)* + 47172"2]%
2t J 2

g =
and, correspondingly, the expression for the critical point

O =t J + 1202 - [(m ) — )2 + 4‘51‘5:]2jl" > 0. €]

Let us now consider the properties of transitions which are realized in the
system. For this purpose, expressing from Eq. (5) the temperature as a function
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of C, and C,, we can obtain the expansion series of this expression near the critical
point:

9’=“9~[1+KC.’+O(C.‘)];9~[|+0—12-Kc;+0(c;)]; (9)

we use here the following notation

3, A 3
K=r [Qsz -G, —'I—O(Q'Lz - Ln)] (1'1 + z}‘%) —WL"
_ J J b 2 1:2__)
G, —(ZAJZ A,? -- 2A—e— AT, oF AT, s A,J 103 X

X (4,4; — A%~
G| = (2A2]1 - Azj/_) + 2A.I{_) - Ajzez - Ajlez‘—;l -_ Aljga-;l-) X
2 2

X (AIAZ - AZ)—],

282 + 28, + 1
S TR DL

L.I= j=l,2.

It can be easily seen that, depending on the value of K, the following cases
can be realized in the system:

1) K < 0, the phase transition is of the 2-nd order with the magnetization
e 1. , 1

critical index = > ;

2) K > 0, the phase transition is of the 1-st order;

3) K =0, the type of transition is determined by the coefficient of C;; if it

is negative, the transition is of 2-nd order with f# = e if it is positive,

the transition is of 1-st order.

So the value K = 0 is the value separating diffierent orders of transition. The
analysis of the condition 3) in the general case is complicated, so we limit ourselves
to the case S, = S, = S (correspondingly, 7, =7, =71, L, = L, = L). Then
we have

2(A4x0, — AJo + AJp — AJ0* — AT 92 — A J* + AJe® 4 A4,J50%) X
x (4yd; =A%) = 2 L(g* +1) = 0. (10)

Let us furthermore simplify our task, for which we shall fix J,, J,, J, changing
only the direct interactions. Then (10) determines the 2-nd order surface in the
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A,, A,, A axes (since g is a rather complicated function of J,, J,, J, we shall not
consider this case in the J,, J,, J axes). Let us change the variables:

A=A + 45 A°=3—£—-—_(139+J,9—J—192),
+
']—OLfQ + 1)
’ o o 293
A, ::A|+A1’ sz'j"'_'_""""_(‘;:!?_-’)a
_— 4
g L(e* + 1
* 1] (1] 2
Ay = A+ 45 AA=e—"(J, —Jp)
ﬁ)ﬂL(Q‘t +1

Then under the condition 4,4, — A% # 0 in new variables we have the
equation of the cone

(d)? — A4, = 0. (11)

In the old variables its centre is at the point P = {42, A2, A°} of the surface

of another cone
A4, — A2 =0. (12)

It is obvious that the phase transition realized in the system has to be of 1-st
order when both the numerator and denominator in the expression for K are of
the same sign, i. e. when

i) 4,4, — A2 >0, (A— A°*— (A4, — A (4, — A2 >0,
ii) 4,4, — A2 <0, (A—A°*— (4, — A) (4, — 4)) <0.

Let R, and R, be the regions inside the cones defined by equations (11),
(12), respectively. Then the phase transition of 1-st order occurs in the region R
determined as follows

R = Rl |V Rz/Rl A Rz'

Otherwise, the phase transition is of the 2-nd order (see Fig. 1).

With the expression for the free energy per site (4), we can obtain the expres-
sion for the internal energy per site

A2
Z

(w: - TWs +-—%‘) "!"‘ A (wﬂog - E‘;—l _"E_U_z "!"

A

2

1
i ;_) - _} FiCl = = TG} + JuywyC,Ci,
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A

Fig. 1. The phase diagram of a general model:
region I corresponds to the phase transition of 1-st order:
region IT corresponds to the phase transition of 2-nd order.

the entropy per site

28, +1 25, +1

Sh——————xl sh'—"——xz
5=i]n ,_El____ +L1n __isi_ +lln(281+1)+
2 sh 1 x 2 sh ! x 2
28, ! 25, 2

+ % In (28, + 1) — % (J1@?C? + TwiC? — 2J0,w,C:Cs);

and therefore the following expression for the specific heat of the system in the zero
magnetic field
ds dC;

Cy = @’m = (leiUZCz - J]‘w:C])'w' + (JW|ZU2C| bl sz:CZ)

dC,
de -

Now it is seen that the heat instability (cy; < 0) results from the 1-st order
phase transition and vice versa. On the contrary, the specific heat is positive, and
the system is stable at any temperature if the 2-nd order phase transition occurs.
Using the expansion series (9), it is easy to define the behaviour of the specific
heat near the critical point. If K < 0, then

e~y — T + 0@, = 2O

1
‘n = 3O.K Ox

and the specific heat critical index « = 0 (finite jump). If K = 0, as on the surface
of the cone (11) (see Fig. 1), and if the coefficient of C{ in (9) is negative, the spe-

cific heat diverges with the critical index ¢ = 5!

1
cp~{(—t=.
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Here it is necessary to make the following remark. Obviously, the expansion
series (9) and all the consequences are valid when 4,4, — 42 # 0. If this con-
dition is not valid, then, as follows from (7), in this case the phase probabilities do

not tend to % when C;, C, — 0, but have the limit values:

@ _>i_Jz(A1 + A)e* +7J(4 +Az)9’
LT 1Ay + 2470 + JpA,02

2 2 J'_Az + ZAJQ +J2A122 )

Thus, @, will be determined not by the formula (8), but by a more complicated
expression which depends now on 4,, 4,, A (the expression for p will also be
more complicated). So, when we go from the 4,4, — A% # 0to 4,4, — A*> =0,
the phase probabilities and the transition temperature will have jumps. Therefore,
all characteristics of the system will have jump as well. Such an abrupt change of
properties of the model under an infinitesimally small change of parameters of
the Hamiltonian corresponds to an instability of the system. In the framework
of the model considered this instability is to all appearance an artifact, that can be
easily avoided after defining the corresponding limits on the both sides of the sur-
face (12). Such an instability could be connected with a lattice instability ; however,
for a detailed investigation of this question it is necessary to analyse the Hamilto-
nian with a soft lattice, adding phonon terms. But the consideration of spin-phonon
interactions in a heterophase antiferromagnet is a separate and quite complicated
problem which should be analysed in a separate paper.

Let us now consider the limitations imposed by the conditions of stability and
normalization of phase probabilities. That is, we must take into account that it may
be thermodynamically more preferable for the system to stay in the »usual¢, »nonhy-
brid« state, i. e. when w,; = w, = 1 and heterophase fluctuations are absent (in
that case we have the »usual« Heisenberg antiferromagnet considered in the mo-
lecular field approximation). In order to decide which case is realized, we must
compare the free energies per site for the following cases:

1) hybrid system, antiferromagnetic phase — the free energy per site f, (0) =
= f(O) is given by the expression (4);
2) usual system, antiferromagnetic phase,

@)=t | 1 Gc+10-2CC) — 5 OIS, + 1) —
S 281 + l x s 2S2 + l x
284l 28 +1
_ %@m(zsz F - % @ln (._31*?_'.__) _%@ In (__?MISL_)
sh 7S, xy Sh"Z_SZ X,

2

2
X, = @‘Sl (J.C, —JCy), X2 = — S5 (JCI — .Gy

(2]
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3) hybrid system, paramagnetic phase,

£,0) = Jrﬁsz_fiﬁ’;—@m(zsl +1)—01In(2S, + 1);

4) usual system, paramagnetic phase:

fo(@) =t ‘12 t24 9IS, +1)—0mEs, + 1.

Let us underline that the temperature of the 1-st order phase transition 6,,
in the hybrid system is determined from the condition

fi (Gtr) =f3 (0")°

Since the comparison of different free energies at arbitrary temperatures is
rather complicated, for the simplicity we do this at @ = 0. Then it can be easily
seen that a sufficient condition for the validity of the inequalities

f200) <£1(0), f2(0) <fa(0)<fa(0), f,(0}<f;(0)
is the following relation:

A, + A4, +24 <0, (13)

Thus, if (13) is valid, the usual solution is thermodynamically more preferable,
and the hybrid solution can be realized as a metastable state. The equation 4, +
+ A, + 24 = 0 determines a plane tangent to the cone (12). Below this plane
the solutions are (at @ = 0) for sure metastable.

In the case when the temperature has values near the critical one, we can
apply the phase probability convexity conditions for the investigation of the sta-
bility of the system. For the stability of the hybrid solution the validity of the
following relations is necessary:

32f1 >0, azfl 0.

i 7"
We have
a2 257 dBg, (x,)
3wf,’l =4,— chf ) (212,C( — Jw,Cr)* fdl:\:—ll -
ZS: 2 dBS: (xg)
2) (szcl) —*-*a—;;—s
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32f1 ZSZ 2 stl (x]) _
2
2S (2}3@;62 lecl)z M.

dx,

9’fy 9%
When @ - @,, then —— 3w, 3 w’
metastable states will correspond to the negatxve values of 4, and A4,.

The condition of the normalization of the phase probability 0 < w; < 1 under
® =0and S, = S, = S (for the simplicity we consider this case in 4,, 4,, 4
axes) leads to the inequalities

- A,, —=— A,. Thus, near the critical point the

(4 — 0 — (A, = @) (4 — a) 5 -5 T+ )7 S*,
(14

(4= B — (4, — ) (s — ) 35 U+ 1) S*

where one must take either the upper or the lower inequality signs in the both lines,

% BSF+J)S82, a=UT + 278 ay=J7,5%
TU fz)S ﬁl_—'_‘-rsza ﬁ2=J’233

The normalization condition of the phase probability w, under the same con-
ditions gives, respectively,

(4 =9 = (4, = y) (s = p2) & U + 128,
(15
(4 — 8~ (A, — 8,) (4: — 6 B (T +J)* 8%,

where

Y= —(31 J)S?% yi = +20)8% y,=7,8%

N

N —

(J J,) 8%, 6, =—JS?, 0,=J,5%
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The simultaneous equality of right and left-hand sides in relations (14), (15)
is excluded. Let us give the geometrical interpretation of the conditions (14), (15).
For this purpose we do the following change of variables:

A, =a; + ay, A = a, — ay,

that corresponds to the 45° rotation in the 4,4, plane. As a result, we have
(4 = 3 — (a, — 20)* + @ — @)* 7 4 U + 12)* 8%,

(4 = B = (@ = F)7 + (a2 — B)? (0 + T)? 5,
(16)

~ ~ ~ 1
(4- 7’)2 —(a, — 7’1)2 + (a. — v2)?

i)

 + T2 8%,

NP N|

(A — 8 —(a, — §,)? + (a, — 3,)?

M

( + J))? 84,

~ 1

E:%w+my,m= U+%+awaa=%u+m—hma

2
~ 1 ~ i ~ !
ﬁ=‘2‘U“—Iz)S » B ='2‘(Jz —N) S By —'"2*(J+J2)Sz;
y=T(3J+J,)S, }’1=7(~f‘+‘]1 F27,) 8%, ?z=“2—(~f+]z—f|)szs
i 1 it l 2 1 | 3
627(‘!_‘;])8, 6|:7(J|_J)S: fsz:_?(-f'!‘-fl)s-

Let us now put ¢, = const. So, we shall have a section in the A4, a, plane.
The normalization conditions will lead to some set of circumferences. More exactly,
if O, Op, Oy Qs are interiors of sircumferences defined by equalities in (16) at
a, = const, then normalization conditions are not valid in the regions

Ql ZQGUQﬂfQunQﬁ’ szg'rUle’QvnQd-

In these regions we have to put the corresponding w, =1 (j=1,2) at @ =
= 0. So in Q; N O, the ground state is completely ordered.

Consider as an example the case a, =é'—_-f2——é =0, J,=J,=0, §, =
=8,= —% Let us draw the corresponding curves in the %, # axes (see Fig. 2).
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ALy
2-nd| order

“2/y

§ Fig. 2. The phase diagram tor the case vy = 0, J, =J, =0, S, = S, = 51 .

The Egs. (11) and (12) will give only one circumference with the centre at the
3 and with the radius R = —3- The points inside this circle will

) :
correspond to the 1-st order phase transition, those which are outside to the 2-nd

point B = {0,

A
order phase transition. The straight line 5 = 0 defined by the condition (13) will

bc the boundary of stability — below it the heterophase solutions will be for sure
metastable at zero temperature. The condition (16) in this case will give a pair of
eircumferences described by the equations

A4 3\ f(an 1\® 1
(T—T) +(7"s‘) =33

A 1\ fa,  1)\® 1
(7"?) +(7+?) =3

The hatched interior of these circles (see Fig. 2) corresponds to the violation
of the normalization conditions for the phase probabilities, and we put there w, =
= w, = 1. Thus, in these regions only the homophase ground state is possible.
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The boundary of the circles corresponds to the values of parameters for which the
system becomes a mixture at @ = 0 (the points of nucleation). Let us consider
qualitatively the situation when @ # 0. In this case the position of the centres and
the values of radii of the circumferences corresponding to the phase probabilities
normalization are changed. The requirement for the circle corresponding to @ # 0
to stay into the circle corresponding to @ = 0 can be written as follows

R(6) +4(0) < R(0),

where R (0), R (0) are radii of the circles defined by the equalities from (16) at
a, = const and @ # 0 or @ = 0, respectively, 4 (@) is the displacement of the
circle centre at the temperature changing from zero to @. For the case considered
(a, =0, J, =J, = 0) this condition reduces to the inequality

1., V? r_ e g
V~2-0+ —2—(8 C)gTS,

which obviously is not valid. Therefore, the values of parameters are possible for
which at @ = 0. the probabilities satisfy the normalization conditions 0 < w, < |
(G =1, 2), and at some temperature becomes equal to 1, i. e. the nuclei of para-
magnetic phase disappear. It is possible that with further increasing the tempera-
ture the nucleation will again occur.

Fig. 3 corresponds to the case a; = %, J,=J,=0,8, =8, = L. For this

case we have 4 circles on the -?, -‘; plane. The circumferences

A 2 (a; 2 1
('7) + 7) =7
A 8\? az)’_ 169
(7‘?) +(J =36

are obtained by the intersection of the cones (11), (12) by the plane a, = -5— The

values of parameters which are inside these circles correspond to the transition of
1-st order, if not, to the transition of 2-nd order. The hatched parts of circumferen-
ces determined by the equalities (16)

(ﬁ._i)ﬂ(&_l)z 1
J 2 "A\J 2 4>
A 1\ {a, 1)’_5
(7“7) +(‘7‘+7 =7

give us the regions where phase probability normalization conditions are violated.
The boundary of the hatched regions corresponds to the nucleation points at zero

276 FIZIKA 19 (1987) 3, 263—284



BOKY ET AL.: MODEL OF ANTIFERROMAGNET...

Afy
2-nd ord_er

uam

Fig. 3. The phasc diagram for the case u, = -%», Jy=J;=0,8 =S, = 1.

temperature. At the points below the straight line —./; = — ,%_ defined from (13)

the hybrid solutions are for sure metastable. As well as in the previous case the
nucleation can occur in the regions with the transitions both of 1-st and 2-nd
orders and also in the region where heterophase states are metastable. Moreover

Fig. 3. indicates that the l-st order phase transitions can be realized in the meta-
stable region.

3. Equivalent sublattices

Let now the conditions A, = A,, J, =J,, S; = S, = § be satisfied, but
at the same time A, # A, J, # J. Thus, we have completely equivalent sublatti-
ces. In this case

C=Clz~CZ=SB,(x), x=_2@6:(f+.fl)wzc,

B _ --] AIZ_A2—(A1+A)(J1—J)CZ___
W= = Wy = 2_-A?—:A2—‘2(A1]1—AJ)CZ+(J:_J2)04 .

FIZIKA 19 (1987) 3, 263—284 277



BOKY ET AL.: MODEL OF ANTIFERROMAGNET...

The Neel temperature is Oy = % S(S+ 1)(J, + J). The equations (11), (12)

will transform into the following equations in the A4,, A plane, respectively,

2 2
A JENN (4 _TEIN
EN; 2
10 10

4~ A =0,

The regions with different kinds of transitions are presented for this casc in
Fig. 4 (the hatched region corresponds to the transitions of 1-st order). The necessa-
ry condition of the stability will be 4 + 4, > 0, which gives one of the bounda-
ries of the 1-st order phase transitions (see Fig. 4).

Fig. 4. The phase diagram of the model with equivalent sublattices.

4. Neel model

Let us now consider in more detail the case when the interactions in sublattices
are absent, and only the interaction between sublattices exists (the Neel model).
Thatis, wehave 4, = A, =J,=J,=0,8, = 8§, = §, and

2
C=Ci = —C =SB, ==,
_ _ B A
W= == 54 —Jc?)’

SS+DJ

0N= 6
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The condition for the phase transition to be of 1-st order will be%’ > -I%L. The

probability will be normslized when the following relations are valid: .
A > 2C?, A<O.

The temperature when the nucleation occurs (@ = 1) is determined by the re-
lation

,__ SY2dj
o B (_V_A )

SyY27

H

where Bg! (x) is the inverse Brillouin function. When 4 < 0, the solutions will
be metastable.

Let us see now, which physical situations will be realized in the system de-

pending on parameters. For the Neel model we can change g from +oo to —oo.

Such a change for S =% corresponds to the movement along ? axis in Fig. 2.

a) When3i ; < 4+ o0, the phase transition of 2-nd order occurs in the

=L
10
system (the temperature dependence of the order parameter C is shown in Fig.

5a). When —'; = —32—, the critical indices change from a =0, § = -;— 0 a =

Tor |

! f= %— for phase transition of 2-nd order; the transition is of 2-nd order

=5
since the coefficient of C* in expansion series (9) is negative.

2 .
b) The next region is 25? < ? <3 (remember that the region where
—L
10

the probability normalization conditions are violated in Fig. 2 corresponds to the

zero temperature; for @ # 0 the inequality will be 2C? < ; < 3 >herethe
1ol
phase transition is of 1-st order (see Fig. 5b). When 4_ 28%?, there is the phase

J
transition of 1-st order, and at zero temperature the nucleation occurs in the

system.

FIZIKA 19 (1987) 3, 263—284 279



BOKY ET AL.: MODEL OF ANTIFERROMAGNET...

’

c) In the region of parameter values % < % < 282 the nucleation will occur

in the system for some value of the temperature @' in the interval 0 < @' < 6,,,
A’ being defined by the equation

Sy2aT_ | Sh(zszgl S( V2J))

T )\ e (312

The temperature dependence of the order parameter in this case is depicted in
Fig. 5c. In this case the phase transition of 1-st order is realized again.

’

d) When # is on the interval 0 < % < i}-, the normalization of the phase
probability is violated for any temperature @ < 0,,, and we must put w = 1.
So, in this case the paramagnetic nuclei are absent in the system. The order para-

meter has a jump again, since we have the transition of 1-st order (see Fig. 5d).

Al

e) When —‘}1- < 0, the system will be metastable. For the hybrid solution we

always have w < -%-, and paramagnetic nuclei will dominate in the system, if this

solution is realized. In this case the phase transition is of 2-nd order (see Fig. 5a).

a b
)
A
©y c 6, O d

frnc‘l’uu_z. s
wel | w-"\ wsli \£‘~.’

a & @e,- 6”' 9;,

Fig. 5. The temperature dependence of the order parameter C in the Neel model: a) the 2-nd

order phase transition for the cases < 0; b) the 1-st order phase transition for

IL<T'T
the case 282 < -/; < %19 5 ¢) the 1-storder phase transition with @’ < ©,, for the case % <
< —I} < 28?2 , d) the 1-st order phase ‘transition for the case 0 < -/71 < —1;—-
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In the region c), where the nucleation occurs, the temperature dependence of
the specific heat
dBg (x)
482 2*C2 -
S2J%w

8]3)10 2) dB;x(x)]

Cu

(0] [@ —28%Jw? (l +

has two jumps (one of them corresponds to the nucleation, the other to the phase
transition). Such a behaviour is in qualitive agreement with some experimental
dataz 5.26)-

5. Driscussion

From the consideration presented it can be seen that assuming the existence
of the heterophase state in the system and taking into account the competition
between direct and exchange interactions, we arrive to physically different situa-
tions. That is, depending on the values of the parameters 4, 4,, 4, J,, J,, J
eight different cases are possible:

1) The phase transition is of 2-nd order;

2) The phase transition is of 2-nd order with the nucleation;

3) The phase transition is of 2-nd order in the metastable region;

4) The phase transition is of 2-nd order with the nucleation in the metastable
region;

5—8) The same, but for the phase transition of 1-st order.

Let us remark now that if we consider the usual Heisenberg model in the
molecular field approximation, we shall have only the phase transition of 2-nd
order (see, for example Ref. 27). Thus, one of the advantages of the proposed
approach is the inclusion into the model the possibility for the change of the tran-
sition order. In this connection let us mention the set of papers considering the
possibility of phase transitions of 1-st and 2-nd order for different substances with
the use of the renormgroup technique23=33, In these papers an idea due to Wil-
son and Fisher3# has been used, that for a certain relation between parameters of
a model the transition of 2-nd order becomes impossible and transforms into the
transition of 1-st order as a result of a sharp increase of fluctuations. In the set of
papers mentioned the Landau-Ginzbourg-Wilson Hamiltonian has been built
for isotropic systems2®29), or for the systems with anisotropy3%-3% with the
dimension of order parameter n > 4. The existence of the phase transition of 2-nd
order in the system was identified with the existence of the stable point in the
renormgroup equations for the dimension d = 4. The absence of the stable point
was identified with the phase transition of 1-st order. It was supposed that the
structure of the renormgroup equations was not changed when the dimension was
varied from d = 4 to the real one d = 3. Decreasing of the order parameter di-
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mension to # = 4 and below as a consequence of decreasing the symmetry due to
some reasons, for example, to a stress along the diagonal [111] in the cubic lattice
MnO?2® leads to the appearing of the stable point; the phase transition of 1-st
order occuring under usual conditions transforms into the phase transition of 2-nd
order. Let us underline, that in our case the change of the relation between para-
meters of the system due to the stress, for example, can lead to such a change of
the order of transition (it is supposed that we can take into account the dependence
of the parameters on such a stress). The argument for this explanation is the fact
that a finite (but not infinitesimal) stress is necessary for changing the order of
transition. We can suppose also that the corresponding parameters for Cr, for
which under usual conditions the phase transition of 1-st order occurs, are near
the boundary between the transitions of 1-st and 2-nd order, since adding of a
certain amount of impurities (with the threshold concentration) leads to the phase
transition of 2-nd order35-39),

A similar situation takes place in the ferromagnets3”’ (where the analogous
consideration can be done) of the R,Co, type, where R are rare-earths or yttrium.
Here for some elements under certain relations between e and b the 1-st order
transition can occur instead of 2-nd order one.

In Ref. 38 the Ising model was considered with competing interactions for a
body-centered cubic lattice. The nearest-neighbour coupling was supposed to be
ferromagnetic, the next-nearest-neighbour one was antiferromagnetic. In this paper,
with the parallel use of the renormgroup and Monte-Carlo technique it was shown
that the paramagnet-antifierromagnet phase transition is of 1-st order (in contrast
to molecular field theory predictions).

An analysis of other possible mechanisms of changing a phase transition in
ferromagnets and antiferromagnets (the volume-striction mechanism, the conside-
ration of the biquadratic term in the isotropic indirect exchange, and so on) can be
found in Ref. 39 (see also Ref. 40).

The advantage of our model of a heterophase antiferromagnet is in the fact
that this model not only describes a possible change of the phase transition order
but it better corresponds to those experiments* 5> where the existence of a para-
magnetic fraction in magnets has been observed.
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MODEL ANTIFEROMAGNETA S HETEROFAZNIM FLUKTUACIJAMA

MIKHAIL A. BOKY, IGOR K. KUDRYAVTSEV

Chemical Department, Moscow State University, Moscow, USSR
i

ALEKSANDER S. SHUMOVSKY, VIACHESLAV I. YUKALOV
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Originalni znanstveni rad

Razmatran je model antiferomagneta s paramagnetskom jezgrom. Posebno je anali-
zirano ponasanje fazne vjerojatnosti u okoliSu apsolutne nule i okolisu Neelove
temperature. Uvjeti stabilnosti pokazuju kada je takav antiferomagnet stabilan,
metastabilan ili nestabilan. Takoder je ispitivano ponasanje toplinskog kapaciteta
u okoli$u kriti¢ne to¢ke. Heterofazne fluktuacije mogu promijeniti red faznog prije-
laza sa n = 2 na n = 3. Kriterij za tu promjenu je ustanovljen i prodiskutiran.
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