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ABSTRACT

We discuss, within a mean field approximation, the influences of
anisotropy (in the spin space) and external uniaxial stress on the Hei-
senberg antiferromagnet in the presence of magnetic field. The phase dia
gram evolution (as function of anisotropy and stress) which is obtained,
enables a satisfactory overall interpretation of recent experiments on

Mn(Brl_XCIX)2;4H-20,KZLFeCIS(HZO)] » CoCl,.6H,0 and (C,H.NH,), CuCl,.

Key-words: Magnetic anisotropy; Stress influence; Spin-flop antiferromag

net.
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I - INTRODUCTION

Since the pioneer work of Néel in 1932, a great amount of experimen
tal and theoretical effort has been devoted to the understanding of anti-
ferromagnetic systems. On experimental grounds we can mention, among many

[1] 2] (3] (4]
others, works on CuC12.2H20 ,Mnﬁé ,CoC12.6H20 ,MnBr2.4H20 (see

also references therein). More recently experiments have been performed
(5]
(6,7 o)
16,7 8
K, [FeC1, (H,0)] Mn(Br,  CL),.4H,0"7, (C,HNH

and the pressure influence on

CuC14[9] and

analysing magnetoelastic effects on RbMnF

3)2

CoC]2 .6H 0[1O] 3

5 ; the effects of concentration have been systematically in

[11,12] .

vestigated on Mn(Brl_X01X)2.4H20

On theoretical grounds, most of the work has been done within mean

field approximation (MFA) frameworks. This includes the study of several

[13-15] [16]

the influences of external stress

[17,18]

purely thermomagnetic aspects
and concentration of magnetic ions as well as effects due to the
presence of an external magnetic field not necessarily parallel to the ea

[19] [20]

sy axis . Some work already exists which focuses the critical as-
pects of the phase transition, including the analysis of the bicritieal
point, where all three paramagnetic (P), antiferromagnetic (AF), and spin-
flop(SF) phases join together.

By following along the lines of Ref.[lﬁ](which is herein recovered
as the infinite anisotropy limit), we discuss, within a variational formu
lation of the MFA (Section II), the anisotropic Heisenberg antiferromagnet
and exhibit the influences on the T (temperature) -H (magnetic field) phase
diagram of anisotropy in the spin space (Section III) and of external uni-

axial stress (Section IV). The comparison with experimental data is in-

cluded in Sections IIT and IV, and reasonable agreement is verified.
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II - 'MODEL AND FORMALISM

Let us consider a three-dimensional system of N spins 1/2, half of

them belonging to family A (oriented preferently along the +Z-axis), the

other half belonging to family B (preferentially along -Z). The magnetic con

tribution to its associated Hamiltonian is given by
X X Yoy z. 2z N2 z N2 z
W = > J(e)(sisy + STS) + DS;8) - H(> s+ %_ s (1)
m <’,a,b> a= -
where the sum runs over first-neighbors (q will denote the coordination
number), J(e) > 0, D > 1 (hence Z is the easy axis), H 2 0 (convention),
and e denotes the strain along the Z axis.

In order to treat the problem within the Variational Method of Sta

tistical Mechanics, we adopt the following trial Hamiltonian:

N/2 N/2
- X X v.y z2.2y _ X X V.Y zZ.Z
K, (KySy * K38y * K,5,) b2=-1 (KpSy, + KpSp, + KgSy) (2)

where the K's are variational parameters to be deteérmined by minimizing

the variational free energy F = F + <g£ —‘g& > , where F is the free
o m oo o

energy associated wiﬂngﬁo , and <..... >y denotes the canonical thermal

average performed with the states °f<¥€o . It iswell known ‘that this pro

cedure leads to the MFA equations. The replacement of the minimizing K's

into F provides f(mz,mz,mﬁ,mg;t,h) where

mz = 2<SX >0 (3.a)
mz z 2<Sz > (3.b)
mg = 2<S§ >, (3.c)
m = 285 > (3.4d)
t = 2k, T/3(0)Dq (4)
h = H/J(0)Dq (5)

and where we have taken advantage of the freedom to define the Y axis such that

Y: y = Y: y = : .
m, = 2<SA >o 0 and mp = 2<SB >o 0 (we recall that Hamiltonian (1)
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is invariant through rotation in the XY plane).We obtain the following re

duced magnetic free energy

X X
fn = NJ(E;Dq } jsf)(mﬁTB + mymg) - %‘mi + mg) + g (1m0 (emy)
+ (1-m)In(l-m,) + (L+mp)1n(l+my) + (1-mp)In(l-my) - 41n2] (6)
where
and j(e) = J(e)/3(0) (7)
n, = [@92+ @H? (=B (8)
By minimizing now £ with respect to mz, m?, my and m; we obtain the fol

lowing equations of states:

I i R N (R ol
my = X2 Zz o177 tanh T
[(@p/D)* + (mg-h)"]
=k, (m)};,mg) (i=x,z) (9.a)
m]i3 = &k, () ,m) (i=x,z) (9.b)

where we have introduced Kronecker delta's for convenience. These equa -

tions of states provide three different phases, namely

Lo X X _ z _ 2

P: m, = my 0 and m, = my > 0 (10.a)
e X o K _ z z

AF m, = mp 0 and m, # my #0 (10.b)
., X _ _ X z _ z

SF : m, my > 0 and m, = mg > 0 (10.¢)

Before discussing the regions where one or the other phase is fa-
vourized, let us introduce the elastic contribution. The total free energy

F is given by

F

£ = X500ypq

=f + u(e) - Ge (11)
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where
u(e) = U(e)/NJ(0)Dq (12)
and

6 = ©6/J(0)Dq (13)
U(e) being the total crystalline energy (herein treated within the stan-
dard adiabatic approximation, and assumed to satisfy U"(e) * O everywhe-

re), and O being a wuniaxial stress along the Z axis. The set of equa -

tions of thermodynamical states (Eqs.(9) and (10)) is completed by inclu

ding that (af/Be)t’h’e =0, i.e.
of
= |+ u'(e) =0 (14)
t,h,6

IIT - ANISOTROPY INFLUENCE

In this Section we discuss the influence of the anisotropy in spin
space at constant axial strain (we shall assume e = 0 for convenience; we

adopt Jo =J(0)).

ITI.1 - Theoretical results

By using Eqs.(9) and (10.b) in the limit (mz - mg) + 0, we obtain
the AF <= P critical line (which, within a straightforward analysis, turns
out to be a second order one); it is given by

PR S ver argtanh v 1-t (15)

hence
AP h=0) = 1 | (15')
Note that this line, expressed inthe t~h variables, is independent of D.
By using Egs.(9) an (10.c) in the limit mz + 0 we obtain the

SF <> P critical line (which also turns out to be a second order one);

it is given by
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SF-P
= /(D T 1)argtanr——rF

hence

D+ 1
D (16')

SF_P(t=0) -
Note that also this line can be made  independent of D, if we express
it in the (Dt) - Dh/(D + 1) wvariables.
By using Eqs.(9), (10.b) and (10.c) into Eq.(6), the free energies
associated with both AF and SF phases can be numerically calculated: their
equality determines the location of the phase boundary (which now turns

out to be a first order one). In particular we obtain

nF 5 (e=0) =\ [1 - —12— (17)
D

Our results are summarized in Figs. 1 and 2.

III.2 - Comparison with experimental results

Recently Westphal and Becerra (WB)[ll] have measured the full pha-
se diagram corresponding to the family Mn(Brl_xC1X)2.4H20, which, for all

values of x (0 < x < 1), presents a monoclinic crystallographic[ll’21’22]

[21,23]

and magnetic unit cell containing 4 molecules (two pairs of spins

'5/2 per unit cell).These authors suggest that the relevant anisotropic me-

chanism would be of the type considered herein (see Hamiltonian (1)),i.e.

anisotropic exchange (and not of the single-ion type). Although they spe-

culate on the possibility of considering both intrasublattice and intersub
lattice exchanges, it seems worthy to try to interpret their results within

the present theoretical framework.The effective values of J and D will na-

turally be x-dependent. From Eqs. (16') and (17) we obtain

B P00 _ [+ (18)
B S 0 D - 1
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where we have used definition (5). Through this equation and using the WB
data, we obtain D(x) (see Fig. 3)

From Eq. (16') and definition (5) we obtain

JaG) _ BN K1=0,%) D(0) + 1 W)
J4(0) HSF—QT=O,O) D(x) + 1
which, together with the above results for D(x) and the WB[)JJ experimen -
tal data, determines Jo(x)/Jo(O) (see Fig.4).
Let us now test our theory: Eq.(15') together with definition %)
imply that

tN(X) (x) /J (x)D(x) (20
£y (O T (0)/J ©)p ) ~

where TN is the Neel temperature. The results are presented in Fig. 5.
Let us also test the location (tb,hb) of the bicritical point, who

se D-dependence is obtained by simultaneously imposing Eqs. (15) and (16).

The knowledge of (tb(D),hb(D)) together with definitions (4) and (5) and

Eqs. (15') and (16') immediately provide

T, (x)
Ty (%) = 5® (21)
and B, (x) b, (D) D
H (x D
SF-P - =2 (22)
H (T=0,x) D+1

The results are presented in Fig. 6. By using the WB experlmental,data[11]
it would be p0531b1e in principle to calculate J and D; however, this would
be an injustified overextension of the validity of the present theory which

5

besides the fact that it is a MFA one, has been deviced for one pair of

spins 1/2 per unit cell.

IV ~ STRESS INFLUENCE

IV.1 - Theoretical Results

We consider now the evolution of the system in the pPresence of a
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(reduced) uniaxial stress 6. Eqs. (9), (10) and (14) univocally determine
(mX,mz,mi,m;,e) as functions of the external parameters (t,h,6) for all
three phases once D, u(e) and j(e) are known. In particular by considering
the appropriate 1limits (specified in Section III.1l) the AF-P and AF-SF
critical surfaces can be determined (usually numerically); we respective-
ly note them
¢A

TP ¢ ,h,0) ot

0 or 6 =
o

_ _SF-P
0 or 6=29 (to,ho) (23.b)

F-P
(to,ho) (23.a)

6P (t,h, 0)

we shall generically use (to,ho,eo) to refer to points belonging to one or
the other of these surfaces.

Quite tedious but straightforward expansions in the neighbourhood of
the critical surfaces provide, for both AF-P and SF-P cases, the following

thermodynamical stability conditions:

u' >0 (24.3)

g2
G
4u" + j” > (;)
o o 3
(o]

(24.b)

v
o

The subscript (o) denotes the fact that these quantities are evaluated at

e = e(to,ho,eo) (in order to make the connection with Section III,it is

o
AF-P

worthy to mention at this level that e (1,0,0) = 0 by convention). We

have also obtained

A7 P h) u"
o] o] [o 8
ot T 3T (25.a)
o h = o]
and °
2 P e h) 20" + 4u™)
(o] (o] [o] o]
o = ————31—————— (25.b)
0 to=0 o

We note that the conditions (24) imply that both limiting derivatives ha
ve the same sign as jé. Furthermore we have established that the  AF-P

transition will be a second order one if
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. N
Jvl t (Jl) t
O O ¢} o
Lrar @730 2 g @73 (26)
o o} o 0 (o]

and a first order one otherwise.
At ho= 0 it is t0= jo and therefore condition (26) implies

cgn 2
3 GO
t > 7 o (27 .a)

(o] u
(o}

At the other end, if t= 0 it is h0= jo and condition (26) implies
. 2
L
430

hO 4 Z—U_"TTT— (27.b)
(o] (o]

In general Eqs. (27) do not provide a definite prescription. However in
the most common cases, where j(e) and u(e) are respectively almost linear
and almost quadratic in e (hence j; and u; are almost constants and jg:O),
Eqs,Q7}imply'R)>(finiteconstant)andl&)>(finiteconstant).Consequentlyif

a tricritical line exists on the AF-P critical surface, the second order region is

located at the high temperatures and low fields side of it,

Let us now focus the SF-P critical surface. We obtain

3§F?(t,h) u"
o’ o 2 o
3t =D ~r (28.3)
o h =0 Jo
o
and
BGSF—P(t ,h ) D 4u" + j"
. o o° - oD 22 (28.b)
o to=0 Jo

Once more both derivatives share the sign of jé. It can be shown that the

phase transition will be a second order one if

u"mZ (j,)Z
00 2 ' 0 2 D+1
+ _ - - _ -
{1 —Zaz)[kl m )argtanh m_ mo] 2 o Bl m )argtanh m_ 5 mé]}/
<1 2
3! D(j")
o 2 2 o 2 2
+ - - - >
{1 Zﬁgmo)[P(l mo)argtanh m o+ HQJ iﬁgaz—ﬂb(l m_)argtanh mo} 20

(29)
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and a first order one otherwise, where

. 1,z 1z
o ::m(to’ho’eo) = 7(mA+ mB)o
At h0 =0 it is t, = jo/D and m = 0, and therefore condition (29)
implies 9
(G) (30.2)
t 2 W .a
o] 2uo

At the other end, if to= 0 it is ho= jo(D + 1)/D and m = 1 and condition
(29) implies
(30.b)

)

h > 2( D+ 1 )2 (Jo)
o= D 4u” + 3"
0 o

As before, for linear j(e) and quadratic u(e), Eqs. (30) imply that, if a

tricritical line exists on the SF-P critical surface, the second order re

gion is located at the high temperatures and low fields ;side of it. This

type of behaviour is similar to that observed previously[l4’16] in relat

ed systems,

The discussion of the evolution of the bicritical point as a func-
tion of 6 is a quite complex one, and we shall restrict ourselves to the
analysis within a rough approximation which consists in: (i)neglecting the
differencesinthe strainsassociated with the AF-P and SF-P critical surfaces
(i.e. weassume eéfhg?eiFLPk (ii)adopting linear 6-dependences for to(e) at
ho= 0 and ho(e) at t = 0 for both AF-P and SF-P critical lines. In these

circumstances it can be shown that, for increasing 6,the AF phase becomes

predominant (in prejudice of the SF phase) if

SF-P ' AF-P
% (to’ho) < D2(7D + 8) %6 (to’ho) (31)
aho t =0 8(D + 1)2 ato h =
) )
hence
j" D(7D + 8)
)
v Yl
8(D + 1) (32)
the opposite occuring in the opposite case. Both situations have been

illustrated in Fig, 7 for the case jé <0.
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IV.2 - Comparison with experimental results

The present theory predicts almost linear dependences with stress

for TN”and HSF’P as long as jé # 0; the same most  probably holds  for

HAF_SF, although we have not checked it (numerically for instance). This

. ‘o _ [8] (6]
is verified for Mn(Br ClX)2.4H20 (x=0, 0.26) , Kz[FeC15(H20)] (or-

1-x

thorhombic crystallographic and cubic magnetic structure containing 4 mol
. . . . [24-27]

ecules per unit cell: two pairs of spin 1/2 per unit ceill Y,

CoC12.6H20[10] (monoclinic crystallographic structure containing two mol

ecules per unit cell; almost two-dimensional magnetic structure; one pair

of spins per unit cell[zs%, and (C,H.NH,),CuCl [gl(facecentered orthor-

27577372 4
hombic crystallographic structure containing 4 molecules per wunit cell;
almost two-dimensional magnetic structure; two pairs of spin 1/2 per unit
ce11[9’293. If we focus TN and HSF_P, all these substances correspond (at
least for pressures above the  atmospheric one) to jé <0, i.e. a de-
crease of the coupling strength under expanding stress. But if we focus
HAF—SF then KZ[FeC15(H20)] and (CZHSNH3)2CuC14 present one type of behav
iour, whereas CoC%ZGHZO presents the opposite one. The present theory sug
gests that this is an effect of the anisotropy; however a more complex mod
el (including possible strain-dependence of the anisotropy, i.e. D.=D(e))
would be necessary in order to attempt any detailed comparison; further-

more, the present theory strictly applies to uniaxial stress, whereas

the experiments are usually performed under isotropic pressure.

V - CONCLUSION

We have discussed, in the mean field approximation language, the ani

sotropic Heisenberg antiferromagnet, where the anisotropy appears in the
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coupling constant associated with the easy axis. The (temperature)-(magne
tic field) phase diagram presents three phasés; namely the paramagnetic
(P), antiferromagnetic (AF) and spin~flop (SF) ones. The relative impor-
tance of the AF and SF phases is determined by the value of the anisotro-
py. Within this very simple picture, it has been possible to give a qual
itatively (and to a certain extent quantitatively) satisfactory  overall

[11]. This anal

interpretation of recent experiments on Mn(Brl_XC1X)2.4H20
ysis provides, among others, concentration-dependences for both the coup-
ling constant and the anisotropy, which could be checked with other ex-
perimental techniques, In particular, this would enlighten whether  the
strain-independence of the anisotropy D we have assumed is a . reasonable
first~order approximation. Finally, though well known, it is worthy to re
call that the quantitative predictions of a mean field theory should not
be overemphasized; furthermore the present calculation has been done :gs-
suming one pair of spins 1/2 per unit cell (whichb is not the case of
Mn(Brl-xC1x)2'4H205 for instance), Nevertheless the fact that we are deal
ing with three-dimensional systems, and the fact that all theory - experi-
ment comparisons have been performed for conveniently reduced quantities
(see Figs. 3-6) should satisfactorily minimize the errors, and extend the
applicability of the theory. Obviously harder theories should be ' needed
to extract reliable information on the absolute values of microscopic quan -
tities such as J or D.

In addition to that we have presented a preliminary dismussion of
the influence of external uniaxial stress (along the easy axis), which
can throw some light on the interpretation of recent pressure-dependent
experiments on Mn(Brl_XCIX)2.4H20[8], Kz[FeCIS(HZO)]LQJ, CoC12.6H20[1Q]

[9]
and (CZHSNH3)2CuC14 .
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On general grounds we can say that first order phase transitions
(from the paramagnetic phase to the ordered'ones) can appear at fi-
xed stress. In particular, if a tricritical point exists, the common si-
tuation will be the exhibition of the second order phase transition at
the high temperature and low magnetic field side of it. Furthermore, in the
(temperature)~(magnetic field)-(stress) space, the bicritical line and
the tricritical one (if it exists) may cross each other, leading to com-
plex but interesting situations (see Fig. 7). Confirmation (or not) _ of
this expectations within frameworks which are more reliable in what cri-
ticality is concerned, would be very wellcome.

We acknowledge C.C. Becerra, W,A, Ortiz andR.F.S. Andrade for communi-
cating to us their results prior to publication aswell as D.MH da Silva, I.P,
Fittilpaldi and E.M.F. Curado for useful discussions. One of us (SFM) acknow-

ledges Fellowships from CAPES and CNPq (Brazilian agencies).
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CAPTION FOR FIGURES
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1

Phase diagram correspondingto a fixed value of D (P, AF, SF res-
pectively denote the paramagnetic, antiferromagnetic and spin-flop
phase). The AF-P and SF-P critical lines are second order ones; )
the AF-SF is a first order one. The dashed lines (unphysical) in-
dicate the analytic extensions of Eqs. (15) and (16). (tb,hb) de-
notes the location of the bicritical point.

Evolution of the t~h phase diagram as a function of anisotropy.
The dot-dashed line is the bicritical ome; the dashed line is the
AF-SF critical one.

Concentration-dependence of D obtained through the present Eq.

(18) and WB[ii] data on Mn(Brl_XC1X)2.4H20 (the dashed line is a

guide to the eye),

—-Concentration—-dependence of Jo(x)/Jo(O) obtained through the pre-

sent Eq. (19) and WB[ii] experimental data on Mn(Brl_XC1x)2.4H20
(the dashed line 1is a guide to the eye).

Concentration-dependence of tN(x)/tN(O) = TN/JOD from experimental
clatrct[:ll_'1 (the present theory predicts a constant).

Location of the bicritical point (t hb) as a function of D (full

[l

b’
‘line: present theory; dots: from experimental data

SF-P

(a) Tb(X)/TN(X); (b) Hb(X)/H (T=0,x)

7 - Indicative possible 6 (stress)-evolutions of the t (temperature)-

h (magnetic field) phase diagram: (a) the AF phase becomes predo
minant; (b) the SF phase becomes predominant. The dashed linesis
the AF-SF critical ones, the dot-dashed line is the bicritical

one, and the dotted line is a possible tricritical ome. Both (a)

andr (b) correspond to j; < 0,
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