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Abstract:

The reorientation of the sublattice magnetizations from the antiferromagnetic (AF) to the spin-flop (SF)
phase is studied by magnetization measurements on new anisotropic Heisenberg quasi-two dimensional
antiferromagnets [C6H5(CH2)nNH3]2CuBr4 with n = 1, 2 and 3. The isothermal magnetic phase
diagrams along the spin principal axes are obtained, and an analysis from the mean-field theory yields (
forthen=1)J1 =25.49 K/kB and Jn = 25.45 K/kB for the intralayer perpendicular and parallel
exchange components, respectively. A weak antiferromagnetic interlayer interaction and a relatively
strong uniaxial anisotropy with the easy axis within the layer are found. Evidence for a possible
existence of an intermediate (IN) phase between the AF and SF phase and a comparison for the
magnetic phase boundaries between the mean-field calculations and experimental data are presented.
Spin-canting effect along the easy and intermediate axes is seen in the isotherms. It is suggested from
the results of the isothermal measurements that a competition between the antisymmetric exchange and
Zeeman energy above the SF critical field may lead to a "fan" phase which may persist up to a triple
point along the intermediate axis while a competition between the inter- and intralayer exchange
anisotropies leads to an intermediate phase which can persist up to a tetracritical point along the easy
axis. Thermodynamic considerations near the phase boundaries are also discussed. Critical exponent y
and transition temperature Tc were determined by the measurements of a.c. initial susceptibility and
critical isothermal magnetization. By employing the static scaling law to analyze the data of isothermal
magnetizations near Tc, it was found that at a certain low field and low temperature regions the powder
magnetizations are suppressed so that the scaling hypothesis no longer holds.

Zero-field a.c. susceptibility and isothermal magnetization of the quasi-2D systems
(alkanediammonium copper tetrahalide series) [NH3(CH2)nNH3]CuX4 where n = 4,5,7 and 10 with X
= Cl and Br are also reported. The 3D antiferromagnetic ordering at Tc for the Cl compounds is found.
It is shown that the critical susceptibilities decay exponentially as the temperature increases ( T > Tc).
A power-law divergence in the Br compounds with n =7 and 10 is seen. This behavior is characteristic
of 3D ferromagnetic ordering at Tc. The critical exponent y for the initial susceptibility ( T > Tc) has
been obtained for these Br compounds. It is found that there is a second ( minor) peak below Tc in the
Br compounds with n =5 and 7. The transition associated with this peak may be interpreted as a long
range ( spontaneous ) ordering due to very small spin anisotropies, such as a spin canting effect
between the layers. It is seen from the results of isothermal magnetization measurements for these Br
compounds that the magnetization is suppressed as the field decreases as compared to the behavior of
most 3D ferromagnets. The value of the critical exponent d estimated from the isothermal data is
considerably smaller than that given by the well-studied models. The apparent crossovers are seen in
both the initial susceptibility and isothermal magnetization data in which a combination of the spatial-
and spin-dimensionality crossovers may be present. To discuss the spin-dimensionality crossover in 2D
systems, thermal and field perturbations away from the renormalization-group fixed point are
considered in 2D conformal field theory. By applying the c-theorem, general expressions for the
effective critical exponents v, o and 6 are obtained in terms of the central charge, the third moment of



energy and spin correlations, temperature and external field. These expressions may be described as
critical behavior and crossover phenomena for the 2D systems away from the critical points.
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CHAPTER I

IN-TRODUCT_I()N

It is well known that uniaxial antiferromagnets exhibit a bicritical point at a finite
magnetic fieldH parallel tlo the easy axis. Many of the theoretical predictions, particularly
from mean-field theory, renormalization groui) approach and high-temperature series
expansions, conceming the bicritical phase diagram have been confirmed by the
experiments. In general,' it is expected that weakly anisotropic uniaxial antiferromagnets.
in a magnetic field H parallel to the easy axis should exhibit a multicritical point at some
fi:ﬁte, nonzero value of H. The existence of a bicritical or tetracritical point in the uniaxial
antiferromagnets is usually determined by' the fourth-order spin anisotropy. in the
Hamiltonian."” Studies of phase transitions in magnetism have contributed to the
understanding of many aspecté of other physical systems through the analogy with spin
models. A typical example is the study, within mean—ﬁeld theory, of the sﬁpersolid phase
in the quantum lattice gas model.®*! The supersolid phase introduced in the early 70’s
is a state in which there coexists both diagohal ( crystalline ) long-range order and .
off-diagonal (superfluid) long-range order.”® This phase was first observed
experimenta]ly'by Rudnick er al.® and Goodstein et al." ‘who showed that a thin film
of “He undergoes a transition from the superfluid phase to the solid phase wﬁh no latent
heat, implying that thére'is no first-order phase transition between the superfluid and
crystalline étates. This model can be represented by the standard boson Hamiltonian in

second-quantized form. In this form the Hamiltonian is fully analogous to that of
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anisotropic Heisenberg spin systems.?** We r'efe; here to an anisotropic ( biaxial)
Heisenberg spin system with two types of exchange intefactions, JUs, T, Jz)v and J'(J',,
T, T,). There may exist an intermediate. (IN) phase between the spin flop (SF) and
antiferromagnetic (AF) phases due to a competition between the interlayer and intralayer
exchange anisotropies, which would cbrreépond to the supersolid phase in the quantum

lattice gas.

However, the spin system corresponding to the quantum crystal has nllany. aspects

which are different from the usual uniaxial antiferromagnets mentioned at the beginning:
(a) the system is of biaxial anisotropic form (anisotropic Heisenberg or XYZ-like); (b)
the syéterﬁ contains two- types of exchange interactions (J and J'); and (c) the spin
'Hamiltonian contains only lihear (Zeeman) and quadratic (exchange ) terms. Thus, an
.i~mp0rtant question may femajn unresolved: is it possible to confirm this intermediate
phase experimentally in quasi-two dimensional spin-1/2 anisotropic Heisenberg
antiferromagnets at a finite teinperature ? In this work, as a part of the main purpose of
this thesis, we strongly suggest that an intermediate phase may exist in the quasi-two
dimensional anisdtropic Heiéénberg systems with strc')n'gly fenomagneﬁc intralayer
“exchange and weakly antiferromagnetic interlayer exchange. It may be possible to verify

this phase in a large variety of layer-type magnetic metallate compounds since a rich

variety of nonmagnetic organic cations produce large and variable separation between

the magnetic metallate layers. In this thesis, the reorientation of the sublattice
magnetizations from the antiferromagnetic to the spin-flop  phase is studied by
- Imagnetization measurements on new anisotropic Heisenberg quasi-two dimensional

. antiferromagnets [ CGHS(CHz)NHg]ZCuBr,, (n=1 and 2 ). The isothermal magnetic

phase diagrams along the spin principal axes are obtained. Evidence for a possible

existence of an intermediate phase between the AF and SF phéses and a comparison
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of the magnetic phase Boundaries between the mean-field calcﬁlat-ions and experimental
data are presented. |

The other major part of this thesis contributes to the study of the critical behavior |
of ql;lasi-ZD systems. One of the most fundamental quantities which is used to characterize |
the nature of magnetic systems near a critical region is the spin-spin correlation functi_oﬁ,
<S(r)S(0)>. It does not decay to zero as r — oo once long range order exists. Thus,‘in
the critical region ( H, =0 ), the initial (or staggeréd) susceptibility of a ferromagnet (or
antiferromagnet) is expected tc; diver_ge likex ~(T/T,-1)" as T —-) T, (T>T, )
Divergent initial suséeptibility‘ quite often indi"cates the onset of an instability with the
éystem starting to order spontaneousl}f. Studies of initial susceptibility may provide
direct evidence of anomalies that a system natﬁrally display without involving any
fiél_d-induced transitions. In the two-d_imensiopal (2D) systems, however, it has been
rigorously proven that no ‘long-range order can exist at any nonzero temperature for the
ideai ( Heisenberg) case ' Recently, theoretical studies have shown that even at zero
temperature the existence of a ldng range order in 2D systems may require a certain spin

[12181  Therefore, whether or not there possibly exists a finite "critical”

anisotropy.
temperature indicated by an infinite initial susceptibility, but no long range order ( no
phase transitions ), has Been the subject of many theoretical and experimental studies.
Based upon an analysis of the high-femperature susceptibility series ( ratio method ),
Stanley and Kaplan " suggested that the combination M, = 0 and x S eois possible in
2D Heisenberg systems if the spin correlation function decreases slowly enough with
spin separatio‘n 1 specifically like r"" with 0 < A < 2. Subsequently, a finite critiéal
temperature was conjectured to exist for the 2D XY and plaﬁar magnets too.?*??

Experimentally it has been found that the quasi-2D systems in fact exhibit a finite critical

temperature related to a long range order.”®* It has been suggested that the
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experimentally observed long range order is due to a consequence of the presence of a
small anisotropy, interlayér coupling or even of the finite size of the sample. Thus, it
seems to be difficult to examine the conjecture of Stanley and Kaplan directly since even
minute deviations from ideality will cause the behavior near the T, to be no longer
characteristic of the 2D Heisenberg case. The finite T, and degree of divergence (y) in
the initial susceptibility as T — T, may play the important. role in indicating the existence
of a phase transition for the various realistic systems.

Zero-field a.c. susceptibility and isothermal magnetization of the quasi-2D systems
(alkanediammonium copper tetrahalide series) [NH,(CH,),NH;]CuX, wheren =4, 5,7
and 10 with X = Cl and Br are reported in this work. The 3b antiferromagnetic ordering
for the Cl compounds is found. It is shown that the critical susceptibilities decay
exponentially as the 'temperature increases ( T >T,). A power-law divergence in the Br
compounds withn=7 and 10 is seen. This behavior is characteristic of 3D ferromagnetic
ordering at T,. The critical exponent 7y for the initial susééptibil‘ity (T>T,) has been .
obtained for these Br compounds. It is found that there is a second (minor) peak below
T, in the Br compounds withn= 5 and 7. The apparent crossovers are seen in .. 1both
the initial susceptibility and the isothermal magnetization data in which a combination
of the spatial- and spin-dimensionality crossovers is present.

In the next chapter, the basic theories will be shortly reviewed. The remainder of
that chapter is devoted to an understanding of the basic ideas in this work. Mean-field
theory of quasi-2D spin-1/2 anisotropic Heisenberg antiferromagnets will be presented
in chapter ITl. A generalized form of the mean-field approximation for a bilinear spin
interaction system is outlined. Following the wc;rk of Van Wier et al.,”® the complete
solutions of the quasi-2D, anisotropic, Heisenberg antiferromagnets at T=0 are discussed
' » B

and finite temperature phase diagrams are derived. Liu and Fisher’s™ analysis of a
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supersolid phase in the quantﬁm lattice ga§ is direé_tly applied to study of an intermediate
phase in the quasi-2D spin-1/2 anisotropic Heisenberg. systems.  The effect of
spin-canting at the transition ‘betweén the spin-flop and the antiferromagnetic phases are
also discussed. .The necessary formulae for carrying out a numerical calculation are
given. In the chapter IV, experimental studies on the magnetic' properties, phase
transitions, phase diagrams and critical behavior of the layer compounds
[CeH5(CH,),NH;],CuBr, (n = 1, 2 and 3) will be fully reported. Initial susceptibility and
isothermal magnetization studies on [NH,(CH,),NH,]CuX with n=4,5,7 'and' 10 for X

=Cl, and B‘r4 are given in chapter V. Spin—dimensiOnality crossover is also discussed.
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CHAPTER II

A SHORT REVIEW OF BAS'IC' THEORIES

Phase Transitions and Critical Point "

It has always been fascinating that the same substance may exist in different "phases"

or "states" which show transitions into each other. The theoretical and experimental study

of phase transitions has-a long and illustrious history spanning over a century to the

present day. In fact, the difference between different phases of the same substance was

felt to be more significant than the difference between &ifferent substances. The familiar
examples of a phase transition are the condensation of a gas to a liquid‘ for a simple fluid
system under pressure and the change from a ferromagnetic to a paramagnetic state for
a simple ferromagnet under an applied field. A funcﬁonal relationship of the form
f(P,p,T)=0 or f(H,M,T)=0 the so-called equation of state which relates the thgnnody-
namic parameters - pressure ( or field ), density (_ or magnetization ) and temperature
certainly characterizes phases. The equation of state thus defines a surface in a
three-dimensional space whose coordinates are P, p, T ( or H,M, T ); each point on this
surface corresponds to an equilibrium state of the system. The different forms of equation

of state are thought td be due to different -pha‘ses. |
The fundamentai problem of statistical mechanics to compute equations of state

consists in evaluating the partition function

Z(N,Q,B,J)= X D
{C}
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for a éystem of N particles in a region (Q with volume V described by a microscopic
Hamiltonian or interaction energy H { C,J } which def)ends on the configurations C of
the particles and some setof interactionpotentiéls or coupling parameters J. The canonical
partition function Z ( N, Q,B, J ) depends on the inean\ing of the symbolic sum over
configurations %} referred to the type of system under coilsideration. If the microscopic
description is quantufn mechanical, H is an operator and the sum denotes a trace of the
operator exp(-BH). For a classical system of particles the "sum " denotes an integral over
coordinz;ttes and momenta of the particles. Models for maénetié systems usually consist
of a set of spins occupying fixed points in space. Configurations are then specified by
the values of the spins { §1 , §2 R §N }, which may be quantum mechaniéal operators,
vectors with séme ﬁxed length, or scalars. In the- quantum case the sum over configu-
rations becomes a trace and when the §,- .are vectors (classical ) the sum becomes an
mtegral. The standard method of proceeding to an infinite sysfem is via what is known
as the thermodynamic 1in_1it. That is, the volume V and the number of particles N both
go to infinity with density p=N/V remaining finite. For magnetic systems the volume V
plays no direct role so it is only necessary to take the limit N— oo. The sum over con-
figuration for the partition function may develop singularities on certain surfaces in
parameter space.”"! These singularities are usually called phase transitions. One may
distiﬁguish first and second ( or higher ) order transitions aécording towhether the entropy
S= (B InZ)/dT has a discontinuity .at the transition or not.
Up to now the theoretical study of transition phenomena has faced some considerable _
difficulties. Complete and rigorous analysis seems to be seldom possible. First order
transitions, such as those taking place at the liquid-gas coexiste'n.ce line, have' been

described quite successfully by the phenomenoldgiéal theory of Van der Waals. This

theory is actually recovered in the Landau theory of phase transitions. Fig 1 (a) and (b)
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illustrate the phése diagrarhs for fluid and ferromagnet systems, respectivély. For the
fluid there are three familiar phases--- the solid, liquid and gaseous phases. The solid and
gaseous phases are in equilibﬁum aiong the suBli'mation curve, the solid anci liquid phases
~ are in equilibrium along the fusion curve, and the liquid and gaseous phases are in
equilibrium along the vapor pressure curve. These curves, shown as solid lines where
two phases coexist in Fig 1(a), are called phase boundaries. The vapor pressure curve
terminates in a point at vyhich the transition becomes second order. This point is called
the critical point, (P,, p., T, ). Above this point, aliquid can change to a gas continuously
without crossing the phase transition line. In the case of the magnet, there is a first order '
transition .line separating the "up” and "down" ferromagnetic states; this line ends at the
critical ( Curie ) point. Because of the symmetry under H — - H, the phase transition line
for magnet is entirely confined to the H = 0 or T-axis, as shown in Fig. 1 (b), in which
- the magnet.‘breaks up into domains. The coexistence or "spontaneous magnetization "

curve is symmetric about the T-axis while for the fluid this symmetry is absent.

Critical Phenomeng and Critical Exp' onents

Critical phenomena refer to phasé transition phenomena near the critical point. For
a given pﬁysical system approaching the critical point, various thermodynamic quantities
are found to diverge, or to present other singularities. The usual way to describe the
transition around the critical point is in terms of the so-called "critical exponents" thch
characterize the singular behavior of response functions. Defining the reduced temper-
aturet=(T-T,) /T, and reduced field ( or pressure yh=H -H, (orh=P - P,), where
T, and H, (of P,) are critical values; the given response functions f(t,h)_ will be £(t,0) <

t—k’ ast—> 0or f(O,h) och_x”'as h — 0 while A, and A, may correspond to various types
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of behavior such as logarithmic diverggncé, cusp singularity or even analytic behavior

with a jump discontinuity. Explicitly,
_},’ "
f(,0=A1"(1 rai’+. )

Y ’
fO.m=Bh (1468 +.-. ),
where A, and A, are called critical exponents and 6, and 6, are confluent "coxrectioﬁ';
exponents béing positive and less than ﬁnity[zl. The critical exponents characterizing the

singular behavior ( an asympotically pure power law) then can be defined as'
~

NSRIRHNG L1 L))

Ih,=0’

‘ ot Int
A= - }3‘01_ lnjlfl(lt;h) oo,
xz:',,lij‘;. lnﬁti’z.h )"'f°'

One of the most suimg features of critical phenomena is their large degree of
universality. For a variety of physical systems, critical singularities of the basic response
fﬁnctions such as the . specific heat Cy (H=0), spontaneous magnetizaﬁon M; (H=0
) liquid-gas density difference p, — pg, initial su‘sceptibility % ( H=0) , isothermal
compressibility K, , critical isothermal magnetization M ( T=T, ) ,' pair correlation
function G , and correlation length &, etc., are described by a set of exponents denoted
by Greek letters. Table I lists the definitions of frequently encountered critical exponeﬁts
for magnetic‘system‘s. Dﬁe to thermodynamic argumeﬁts, these éxponents must nec-

essarily satisfy a set of inequalities which are listed in table IL.”!
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Expo- " Definition Conditions Quantity

nent € H M
a’ Cy~(—¢)~ " <0 0 0 specific heat at constant
) magnetic field
a Cy ~e€" >0 0 0
B M~ (—¢f <0- 0 #0 zero-field magnetization
y xr~ (—&°" <0 . 0 #0 zero-field isothermal
) susceptibility
y Xr ~ €7 - >0 0 0
] H ~ | M]®sgn (M) 0 #0 #0 critical isotherm
v g~ (—e)" . <0 0 #0 correlation length
v E~e? >0 0 0
7 T(r) ~ |r]-€-2*0 ) 0 0 0 pair correlation function
' ) (d = dimensionality)
Table 1. Definition of the magnetic critical exponents.
Inequality
o + 284y 22
o + B8+ 122
2—-a)+12(1—-al
yE+ 1) =2 —-a)s—-1)
.Yz -1)
dd —1/(3+1)=22—1
dy'j(2 —a) 2 dyI(28+Y) 22— 1
2—p=zvy .
d2>2~-4d
dvz22-~-a

Table II. Inequalities of exponents.




13

For most phase transitions, one can define an order parameter to distinguish the
ordered phase. In the case of simple fluids ( fig. 2(a) ), the liquid-gas density difference
PL — Pc is an order parameter along the coexistence curve because it is non-zerd only in
the ordered phase, p;, — pPg =< (— ¥ ast— 0" at P =P, where the exponent 3 has been
found to be about 1/3 for most simple fluids.”) For a simple ferromagnet ( Fig 2(b) ),
the spontaneous magnetization ( H = 0 ) should be an order parameter,
M, o< (—1t Y as t — 0~ and H = 0. The order parameter variation on the critical isotherm
is generated by fixing the temperature precisely at T, , varying the ordering field, h , and
observing the change in M or Ap . Ar(;und the critical point for a magnet, the critical
isothermal magnetizationis M (T =T ) o< H"” H=>0 ). Naturally the critical isotherm

near a fluid critical point has completely analogous behavior, Ap o< | P — P, |, (T=T.).

In general, a properly chosenorder parameter in any system should have the following
properties: (1) it jumps discontinuously across the first order phase transition; (2) as
criticality is approached, this jump gets smaller and smaller; (3) larger values of the order
parameter imply that one is far away from criticality. Indeed, the order parameter has a
tensorial character which may depend on the class of Systems considered. It could be
single-component ( scalar ) or n-component ( vector or tensor ). In many cases the
Hamiltonian is invariant under certain transformations éf spin operator S(r) such as,
depending on the spin dimensionality, i) reversal S(r) = —S({), ii) change of phase
S(F) = ¢™S(F) and iii) rotation S() = U S(r). This holds for example!® with n = 1
for simple fluids, binary fluids, uniaxial ferromagnets, bﬁmy alloys, Isihg systems, efc.;
n = 2 for superfluid He* and He® + He* mixtures, XY systems; n =3 for isotropic magnets,
Heisenberg systems, etc., respectively. For largen , the 1 /n expansion technique® along

with renormalization group and perturbation theory achieves its unique success in critical
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theories. In the same spirit, the g-expansion scheme.m presents the first example of
practical successes of the reﬁormalizeition group in critical field theory. This expar‘isic')n
is generated in terms of the paramétef £=4-d, where d is the spatial dimensionality of -
the system. ' ‘ '

The respo_ﬁse of the order parameter to an extérnal symmetry breaking field, H , is
the susceptibility ( or compressibility for a fluid ) = 0M / 0H |;. Above T, the spon-

-taneous magnetization is identically zero ( fig 2(b) ), but magnetization can be induced

by an applied field ( fig. 3 ). The initial suscepfibility is defined by % ()= lim ( -‘;-gi)r ,
N :
which measures the slope of the magnet_ization isbtherm at zero field. It is clear from fig.
3 that %, measures the ease of magnétizing a ferromagﬁet and hence.is expected to become
large and then diverge to infinity at the Curie point, ¥, #™". According to the '
fluctuation-dissipation theorem susceptibility is the sum over sites of a spin correlation
function, y = g, G(r,h,t)= }r:, <S(0)S(r)>—-<S(r)>". The infinity of %, 1is achieved
becau.se at criticalit); the sum diverges: G(r) is a power of the separation distance, G(r,0,0)
o< 1/, for large r which is strictly bounded to be < 1. It m.';ly be concluded that the
- characteristic infinities of thermodynamic response functions at critical poiﬁt are
reflections of correlations which extend over infinite distances in space. Away from
criticality, cé)rrelations, tend instead to fall off with exponential rapidity as r — o | i.e.
li_l)n G(r,h,£) = ¢ xweaker function of r. The characteristic length, &, has the physical

significance of being a range of correlations within the system. It diverges at the critical

point, & < t™ . However, the correlation length can be defined in many different ways,
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o frz <S(r)S(0) > d*r

) f<s(r)S(0) > d’r

b

frz <&(r)e0)>d’r
| f < &(r)e(0) >

, ... e,

where S(r) and € (r) are local spin operator and energy density, respectively. At criticality
all suitable definitions w111 give the same degree of d1vergence the same exponent V.
Thus the fundamental source of all thermodynannc singularities at the critical pomt is
the dlvergence in the correlatlon length The physmal source of correlation length |
divergence is related to fluctuations. 2 For a given system, the equilibrium state may
become more ordered as the temperature is lowered ( T < T, ). Thus, the order parameter
becomes larger. Once temperature is increasing to approach the critical point, the order
parameter becomes smaller and smaller and ﬂuctuauons increase. The susceptlblhty
is d1rect1y related to the spin fluctuations. As T —» T, , the spin correlatxon function
becomes very long range, which means the spin correlation length is much bigger than
any microscopic scale of the system. In an analogy with the susceptibility, the specific
heat at constant magnetic field can be expressed in terms of the energy fluctuations® Cj
" =(1/KT?) (<E> - <E>?). For a fluid, similarly, the isothermal compressibility K
directly relates the fluctuations in the total number of particles in the systems,” K, = K°‘
<(N-<N>)*>/N, or Ky=n"K;"| d? rG() where G (r) is the density-density correlation
function <{n(r) - <a()>} { n(0) - <n(0)>}> and K, = 1 / nkT. At the critical point, the
divergence of Ky is equivalent to the long range of the density corrélatién function.
The nature of fluctuations over a long range near the critical point can be learned

directly from scattering radiation ( light, x-ray, neutrons, etc. ) off the system of interest.
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The scattering intensity is proportional to the fundémental quantity G(ZS =[dr e® G ).
In the scattering experiments the pair correlation can be measured by the fact that (1) the
radiation couples to the order parameter; (2) the correlation range ( real space ) is of the
same order as the wavelength 6f the radiation; and (3) the inverse correlation time
(temporal correlation by inelastic scattering ) is of the same order as the frequency .of the
radiation. For a fluid or fluid mixture the light scattering intensity ié then detenﬁined by

the density fluctuation in the medium. If the medium were perfectly uniform there would

" beno scattering at all. Once the critical point is approached enormously enhanced values

‘of the light scattering are observed (critical opalescence) corresponding to long wave-

length density fluctuations. For magnets, in neutron scattering experiments, the neutrons
are scattered via- the interaction between neutron and electron magnetic moments. Once
the momentum transfer k = ‘Pf - P, — 0 ( forward scatteﬁng or zero angle scattering ),
the scattering intensify determined by spin fluctuations behaves as kW at T=T,. The

susceptibility is related to the zero k limit of G(E), % =T G(0).

Mean Field Theory. L.andau Theory and Thermody\namic Scaling

In many-body problems, the mean-field approximation ( or "molecular field" ) is
one method of finding the best approximate one-body Hamiltonian. This approximation
was first introduced by Weiss"” while studying the second order transition of ferro-

magnetic materials at the Curie point. Consider a spin Hamiltonian

H=-J X% E;'gj_ugHzZSi:

<ij>
where the first sum extends over neighbor pairs only. Recognizing that the exact eval-
uation of the partition function is an intractable problem, the basic assumption of the

mean field theory is that the sum over states of the system appearing in the Hamiltonian
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can be broken into separate sums over states of individual magnetic moments. The
influence of the interactions among the spins is described by an effective molecular field
acting on each magnetic moment. This "molecular” field is assumed to be proportional

to the magnetization, H, =< Ej >=A-<S§,>z. Thus S;-S; is replaced by
A<S,>(S,;+S, j).— A<S,>". This replacement is a special case of the general
approximation scheme for a product §A : E’B =(< EA > + &S PG EB >+8S » Jwhereby
one - discards the térm’ 83'. A &S B S0 that
EA -.—S"B —><§A > <§B >+<§A > ~8§B +<§B > -SEA =<.—S'*A‘> -§B+<§B >-§A —<§A > <§B >.
Thus the Hamiltonian is replaced ‘ by
H = (U2NM <8, > = (JAL<S,>+pgH.) - é S, where (H, +7 2 < S, >) is called the
effective mﬁgnetic field. The "molecular” field then is determined by thermodynamic
functions self-consistently. This theory, in one sense, is a great success. It does give
first order phase transitions and gives also a qualitative indication of the types of siﬁ-
gula;ifies lexpected in the second order phase transition. However, in another sense, it
-is a complete failure in the critical region. Critical phenomena involve strong fluctuations
( long-range correlations ). Mean field theory is based upon the assumption of small
fluctuations. |

The Landau theory 1 of phase transitions is built of two main ingredierits. The first
is the concépt of the order parameter, giving a local macroscopic description of the state
of the system. For a given thermodynamic system, as the temﬁeraturé is lowered, thel
equilibrium state may become more ordered. As a critical point is reached, a symmetry
ofthe high temperature phase is broken spont aneo‘uslsf. Thus the order parameter becomes
nonzero. The second ingredient basically is the hypothesis that the Helmholtz free energy
density is an analytic function of the order parameter, the temperature and any other

3

variable, and that close to the criticality the order parameter remains small so that the
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functional free energy can be expanded in powers of the order parameter. The precise

coefficients of expansion depend crucially on the detailed symmetries of the disordered -

phase from which a second order, or continuous transition may or may not be allowed.
The critical exponents predicted by both mean field and Landau theories are actually
identical. Because the thefmodynamic ﬂucﬁation are effectively neglected, the critical
exponents given by both theories are wrong. These exponents turn out to be characteristic
of the theories rather than of the physics even though mean-‘fi.eld theory is based on
microscopic consideration. Landau theory presents unique values of exponents, inde-
pendent of too many physically relevant quaintities.

Since critical phenomena arise from long-range correlation, one may reasonably
expect that some of the details of the microscopic interactions might be quite irrelevant
to the critical behavior. Thus, it is usually asserted that the values of the critical exponents
are independent of lattice structure. All critical problems may be simply classified by
(1) the dimensionality of the systems; (2) the symrhetry group of the order pararheter;
and (3) perhaps other criteria. The criti_cal behavior, within each class, should be identical
or may depend on a very few parameters. One of thé. original tésks to convert tlrﬁs uni-
versality statement into mathematical form is the scaIing hypothesis. It states, in the.
criticél region, that the singular part of the free energy, f, should be "invariant" (except
for a scaling factor ) under a scaliﬁg transformation. ’I'heréfore, fbehavesasa genéralized

homogeneous function of its variables:™

f(?»a' g, AN, 7&“"‘g,,)=7~f(81,82, "';gn)

where g, , g, ... g, are the reduced temperature, reduced field ... other thermodynamic
variables ( conjugate local fields or scaling fields ), and a,, a,, ... a, are appropriate

exponents ( eigenvalues ) related to the critical exponents defined previously. The fact




21

that exponents a, cannot. be specified corresponds to tﬁe fact that the homogeneous
function or scaling hypothesis does not determine the value of the critical exponents.
But, it does give rise to functional relations among the critical exponents and makes
specific predications related to the form of the equation of state.”! The thermodynamic
response functions can be obtained by differentiating f ( once or twice ) with respect to
the fields g; and A“g,. By properly choosing A, the leading singularities of the response
functions then- obey power laws which lead to various relations among the critical
exponents. Some of these reiations are listed in Table Il while tﬁe inequalities are replaced
by equalities. It is clear from the scaliné assumptioﬁ that there remain only twb inde-
pendent critical exponents. The scaling hypothesis is a basic assumption in modern
criticai theories. Itis usually referred to as alaw or principle. However, along with certain

logic statements, it is sometimes called scaling theory.

The spin Hamiltonian in the simple case usually would be

H=- Z (JxSr:"S;+JySiy"Sjy.+sz,-z'sz)_}—{. ZE,

<ij>

where the first term is the coupling between nearest neighbor spins and the second
represents thie interaction with the external magnetic field. If J, = J,=1,, itis called the .
Heisenberg model ( or XXXmodel ) which is referred to as the isotropic case. By setting

J,=0 and J =J,#0, it represents the planar model; the so-called XY model. For J z #0
| and J, =J, =0, one obtains the so-called Ising model. In general, if J, # J,#J.(J;20)it
is usually called an anisotropic Heisenberg or XYZ ( or biaxial anisotropic ) model. The
XXZ model is the uniaxial anisotropy case, J,=J,#J,. For the easy-axis case

(Heisenberg-Ising like), J, =J,<J.. For the easy-plane case (Heisenberg-XY like),
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Jo=J,>J,. Positive J; corresponds to hferromaénetic" and negative J; corresponds to
"antiferromagnetic”. Ising, XY and Heisenberg modelé, however, can be recovered by
a more general model, n-vector model, which describes the spin as an n—component.
classical vector with fixed (normalized) length, S;=(S{",S® ...,8™), IS:]=1 (or
\/ﬁ ). n=1,2,3 andyoo correspond to Ising, XY , Heisenberg and Aspherical models,
‘respectively. The other discrete model is the so-called Potts model.” The g-state Potts
model assumes that the "spins" at lattices sites are variables which can be in any one of
gstates, S;=1,2, ..., q. |
- The continuous spin models can be obtained when each spin compbnént in the
n-vector ‘models is allowed to range from — o 0 + oo (—c0 < S™ < + co ) . Thus, in order
to evaluate the integral for.the partition function the spin distribution function or spin
weighting function, W(S,) , must be introduced. Otherwise, the partition function could
diverge when all the spins become infinitely large.  For the Ising case,

e = &(S;+1)+8(S;—1), the partition function then is
oo ] N —w(s
ZN=f ds,~-'-f dsy e T ™.

The simplest generalization that provides a genuinely continuoué spin distribution is the
Gaussian_model, which is given by setting w(S;) = 1/2 | E,- [* . The serious shortcoming
of the Gaussian model is that it has no low temperature behavior. The reason for this is
that the exponential decrease of the spin distribution function for large | § | is not rapid
enough to keep the integrals convergent when T is too small. The LGW ( Landau-
Ginzburg-Wilson or so-called S* ) model overcomes this defect. In this model the spin

weighting function is written as

N AN A T A
=e




23

with u > 0. Up to now there are many other models in a variety of approximations. In
the sense of symmetry group, the O(n) model"” was originally defined as a system of
n-dimensional spin vectors which interact in a rotational invariant way. If one lets n be
a continuous variable and speciﬁcally choosés the interactions between the spins, the
partition function can be expressed in terms of a loop gas.!"" For particulartlattice
structures and range of n the loop model can be mapped onto the coulorr;b gas.'" Vertex,
clock and non-linear ¢ models are other speciﬁc examples in the symmetfy language.
Since critical properties of a system depénd on ldng-range correlation or.on the
nature of long-wavelength fluctuations, 'critical phenomena are not characteristic of short
distance details. The renormalization procedure ( spatial résc_aling ) expresses this idea
in a simple manner ------ scale-invariance. That is, since § — oo at a critical point, thé
system behaves the same on all length rscaies, or scaling the unit of length leaves the
correlation length the same. Kadanoff™ firstintroduced this idea interms of "block spin"
. trapsfonnations in2DIsing models. Near the critical point spins become highiy correlated
so the spins behave as large blocks which means that the degree of freedom of average
block spins plays a main role, instead of the orighal individual épins. The idea of "block

spin” transformation opened the modem era in the study of critical phenomena, later

leading to the renormalization group ( RG ) theory."* The renormalization group is

defined as a set of symmetry transformations which essentially are a combination of the
Kadanoff and scale transformations. | |

Let { K} ={K,K,,... } denote coﬁpling parameters which depend on the physical
parameters, temperature, external field, etc.- for a given' system. Under a.R.G transfor-
mation, Ry, the renormalized Hamiltonian should retain invariant form in terms of new
coupling paiameters {K'}={K’,,K’,, ...} and block spins. That is, H' = H(K’) =

R,,[ H] where b is spatial rescaling factor.In a d-dimensional system b is related to.the
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reductions in the number of degrees of freedom N —y N’ = N/b? and in the lattice spacing
r— 1’ =r/b. The renormalized correlation length, &’ = [ H’] ., then is given by b&[H’]
=&[H]. One can show that in most cases the partition function is preserved under RG
transformation, Zy-[H’] = Z [Hj, and ffee energy density obeys f{[H] = b f[H’]. Thué
a RG transformation fundamentélly changes a given probl‘erﬁ into a new one, but it still
contéins the same essential information as the ori‘ginél one. The renormalized coupling
parameters turn out to be the functions of original coubling parameters, K’; = Ri(.{ K});
which are usually called‘ﬂow equations or recursion relations for the cﬁupl‘ing c_onstanis.

If one denotes the recursion relation of coupling constants from n successive
applications of a given RG transformation, K®” =R ( K® ), afixed point K' of the map
- R is then defined by K" = R ( K"), while from assuming continuity of R, it follows that
K approaches a fixed point as n — o. Implicitly, one has T" = Ry( T"), which means
that when the recursion relation is iterated the temperature T does not change if its initial
~ valueissetatT=T ie., it remains "fixed" at T". Subsequently, the flow equation for
the correlation length must be &(T") = b"§(T"). This equation has only two possible
solutions, §(T") = o, which chmacteﬁies a critical ;;oirit as we knoQ, and §(T") =0 which
refers to a trivial fixed point. Therefore, the case of £(T") = e is physically interesting.
The cases where &(T‘). = ( where spins are totally uncorrelated (\T* #0 ) or where they
are frozen in a ground state ( T" = 0K) are not physically interesting here. The RG
transformation itself acts on a space of Hamiltonians but can be characterized in ’
momentum space too."* Tt is important to stress that the fixed point is not the critical
point of tﬁe original system unless that system itself happens to be tl')e one with coupling
constants K”. To employ a RG transformation in a variety of models, it is usually essential '
to assume that the transformation is smooth™'*'* in'the sense that if H — H’ and H +

OH — H’+8H’, and also when 8H — 0 one has 8H’ — 0 . This assumption means that
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systems corresponding to the Hamiltonians at nearby points in the multidimensional

parameter space ( K - space ) flow ﬁnder renormalization to other points which alsohlie

relatlvely close together. Cons1der an unrenonnahzed H(t,h), near its ferromagnetic

critical point, t=0 and h=0. At the critical point, E_, = oo, it is characteristic of slow decay
of the correlations. In general, the critical Hamiltonian H® = H? (0,0) is not a fixed

point. Under a RG transformation, a new critical Ham11toman H (=0, h’—O) can be
&

recognized since !; —>§ =—-=;= oo Thus a line or trajectory of critical pomts is

generated under successive RG transformathns. The trajectory terminates at some fixed
point H™ at which further renomalization produces no further motion. The set of all points
in K-space flows into H". All pdints on this stable critical manifold, including the fixed
point, rcorresbond to systems at criticality. For different éystems ( starting in a qﬁite
_ different region of parameter space or different initial physical maniféld‘s ) and if the
critical Hamiltonians under RG transfonnation_ flow to the same fixed point ( same critical
manifold ), the critical behaviors of these systems are then described by the same cléss.‘
The critical exponents ﬁe the same for all'systems in the universality class defined by
the critical manifold contaﬁn'ng the fixed point. ‘

| Unlike scaling theory, RG theory .actually gives a methqd for computing the
exponents. Near a fixed point, a linear approximation can be made if n is very large,
R(K®) = R(K") + T(K® - K" ) =R(K") + T 3K where T is the ‘l'natrix with elements

being

. _OR(K) (oK, -
aB.’" 3K;; |K=K"_ 8KB '

Thus, one has K™V - K* = T3K or 8K’ = ToK. To diagonalize T, a new complete set

of eigenvectors { ¢;} with eigenvalues {A;) should be introduced, T = A¢ . The scaling

fields then can be constructed by g’;=2; g; with A, = b”. Near a fixed point, it is con-
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venient to use the scaling fields {g;} as in.dependent variables, instead of coupling con-
stants {K;}. The singular part of free energy and correlation length then take the forms -
fg, g ) = b £ g hagy ) and E@ager.)=b"E(hgi, Mg o0 ),
respectively. These forms are just generalized ‘ homogeneous functions ( scaling
assurﬁption). At fﬁed point K - K* (8K —0)asn — oo hence g; — 0. For a given
Hamiltonian, under a RG transformation, establishing the flow equ'ationé and chosing
K as the origin ( K" = K ) in the coupling-constants space, the exponents { y, } can be

then obtained in principle by solving eig_envalues, {A;}, corresponding to the matrix T.

A Possible Universal Critical Theory in Two _Dimenigignal

Systems - Conformal Field Theory

Applications of conformal invariance in field theories have accumulated during
the last few years.!"” Particularly, it has been recognized that the principle of conformal °
invariance leads to a connection between interacting quantum field theories and statistical
mechanics close to a critical point."® A conformal transformation is, roughly, a gen-
eralization of a scale transformation in which the length-rescaling factor depends con-
tinuously on position, B(?). Such transformation, x* =x* (x*), may be visualized as local
non-linear scale transformation with angles locally preserved, dx* dx,, = b (x 2 gx* dx,
( so-called local RG transformation ). For the short-range interactions ( locally), the -
conformal inva:iancé is a combination of scalé, translational and rotational invariance.
In the field £heories ( both classical and quantum cases), conformal invariance yields a
. traceless stress-energy tensor, T, = 0 (massless ).l"I For example, the vacuum Maxwell’s
equations are conformally invariant. The presence of a mass in field theories will always
break the conformal invariance. |

The applications of field theories in critical phenomena méy be schematized
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in the following manner: near the critical point, the system is characterized by twolengths,
a lattice spacing a, and correlation length €. The introduction of characteristic length a

is the origin of a cut-off k, in momentum space of order 1/a. Setting - such limit in

momentum space is for the purpose for removing the integral ( or summation )divergences.

---- renormalization. Critical behavior is involved only when the correlation length € is

much larger than a (§ » a), and one expects distances large compared to a in correlation

functions. In this case, it is suggested that the discrete theory may be replaced by a

continuous one described in terms of fields.” Indeed, at a critical point one has the case

ofm o< X! o< £7' = 0 to which massless field theory is applied. Thus, conformal invariance )

is realized in nature at a critical point in field theory. It should be pointed out that, just
as for scale invariance, there is no rigorous proof of conformal invariance in statistical
mechanics at a critical point. It should be regarded as a principle."

In general, conformal transformations form a finite paraméter family; in three
dimensions it is a ten parameter family. However, in two dimensions the group of such
transformations is an infinite-parameter family because any analytic mapping of the
complex plane is conformal. In the complex plane,z=x+iyandz =x-iy, change of
length elements with angles preserved is written as dz’dz’ = b(z) > dzdz where b(z) =
I and z’ = f(z) is an analytic function. Md bius transformations, for example, are
the sets of a subgroup in the conformal grdup, z’=f(z)=(Az+B)/(Cz+D) with
AB -BC # 0, which generates rotations, translations, dilaﬁons and the inversion. The
algebra cbrresponding to this group had been studied in the late 1960s by particle theorists

1, where it is called the Virasoro algebra®?, Progress

in the context of dual string model
in connecting it with 2D conformal field theory has been made since the early 1970s%),
In 1984, Bekavin, Polyakov and Zamolodchikov!'® ( BPZ theory ) made an important

advance to end a long hiatus in the development of the subject related to critical phe-
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nomena. They proposed conformally invariant models of statistical mechanics. BPZ
showed that to each "primary" scaling operator of a 2D system at critical point there
correspohds a representation of Virasoro algébra_. If a certain quantity called the Kac
determinant®” in these representations with particular simple kind vanishes, then not
only the critical exponents®™, but all the multi-point correlation functions® at critical
point can be obtained. Because conformal field theory is so fruitful, remarkable progress
has been made by field theorists in the last few years. We only briefly introduce here
the spirit of this theory. |

| Consider the case where z’ represents an infinitesimal transformation z’ = z + £(z).
In general coordinate, that is x™* = x" + OLl.l (x). The infinitesimal analytical function can
be represented as an infinite Laurent series!"” £(z) = )3 g,z"*". According to Lie

. . n=—o ,

groups, the algebra of differential operators /, = z"*' ;—z, withn=0,+1,+2,----,leads
to the commutation relations [1,,1,1=(n-m)1,,,. . In 2D, these transformations are

. conformal.  Hence the stress tensor 7"' must be symmetric and traceless!”,

T, =T,,, T} =0. In the complex plane, through a metric tensor®”,

_Ifo 1)
£=3511 o)’

the stress tensor is written as

T Tzz Tz?

- T?z TE
with Ty, =T;;=0(T,,=T,, and T = 0 ). The conservation of T, ( & T, = 0 ) leads to
a{T,,'=a? T;; =0 which alsb means 7,, and T are analytic functions of z and z,

respectively ( that is , they coincide with the Cauchy-Riemann.equation ). Therefore in

2D the stress tensor has only two independent components T(z) = T,, and T(z) =Tx.’




BPZ introduced the operators L, L,,n=0,=~1,642,...ascoefficients of the Lautent

expansions
= L, —_ = L
@)= 3 =5 T6= 2 =%

Using Lie algebra they have shown that the operators L, satisfy the commutation rela-

tions!"™® ;

Lo Ly 1=(n=m) L, +c

c(n’=n)8, o

The L, obey the same élgebra, and L, and L, commute. This algebra is well known in

the dual theory of the so-called Virasoro algebra®®, where c is called the conformal

anomaly or central charge of Virasoro algebra. Within this scheme, c is a single pure

number which characterizes the realization of conformal invariance w1thm a given
system, ( T, T). In the RG scheme the local scalmg fields g; (r) are conjugates of the

scaling densities or operators ¢; () in the Hamiltonian, Z g () &; (). Since the RG
transformatlon is local the dilatation factor is a slowly varylng function of r,

g (r V=b(r)" g:(r) . At fixed points, the Hamiltonian will remain invariant under these
transformations, and as a consequence the correlation functions will transform covari-

~ antly®®,

<O E) 90 >=bG) b0 T <4 () 6, 0D >
where scaling dimensions, X, of the operator ¢; are related to the elgenvalues yi by X

=d-y,. The correlation functions under a conformal transformation z’ = w(z) in 2D then

are generalized as!'®**

<¢.<z1,E.>¢2<zz,52>~~->=¥W'(zi>é"u:'<zj>A’<¢,<w,,W,>¢2<wz,wz)~-->,
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where 'the scaling dimensions are X =0+ Zj and the "spins" S; are S;=A;~ Z, Here it
should be noticed that A, ,Z,- are real numbers; and Zj is ﬁot the complex conjugate of
A;. The main ingredients in the BPZ analysis are the operator product expansion of T(z) .
and the Ward identity""***. L ¢; éan be defined as scaling operators. BPZ showed that
if ¢; has scaling dimensions (4;, Zj- ) then L, ¢; has dimensions (4; -n, Zj ). Such
operators , ¢;, are cglled primary by BPZ m the quantum field theory. They have made
an operator interpfetation of statistical mechanical mbd_els because of the fransfér matrix
construction which.tums 2D statistical mechanical models into (1 + 1)-dimenéiona1‘
quantum field theories. |

LetL,,L, L, andL_,, L,,L,, be generator of the infinitesimai projective
transformations (n=0,%+ 1)
2oz’ =z+E,+8&2+E 2, ZIoZ =z+E +EzZ+€ 7,
where £ and € are jnfinitesimal parameters. The operators L ( and L ) satisfy the com-
mutation relations ( from Virasoré- algebra)[Ly,L ]=*L,and[L,,L ,]= 2L,. For
n=-1,z —>z+¢&. These are geherated by L _f_l.and are juét translations on the plane. ’
Forn=0,z > (1+¢) z .Ife is- real this is a dilation ( i.e. é scale transfon;lation' ) and
this is generated by L, + L, Ifeis iméginary it is a rotation and is generated by L, — L,
Thus, the eigenvalues of L, + L, must be number charactéristic of scale invariance of the
theory. Thatis (L, + L) ¢; >=x; | ¢; > where the scaling dimensions are x; = A+ Zj .

The | rotation eigenvalues characterize the spatial spin” of these field,
(Lo — Lo)l ¢, >=(4- Zj )| §; > ,where A; - Zj = spin. The operator interpretation of
- the theory is made clear if one éhanges coordinates from z to the cylinder ( 6 , T) where

z = ¢**'® . Dilation in z is translation in " time " T so L, + L, is the " Hamiltonian " !'*].

The nature of the problem is very similar to that of angular momentum in quantum
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mechanics ( QM ), that of the rotation group ( or a simpler al gebfa ). In QM case, thére
are three generators J,, J.,J, in which J, is taken as diagonal and J,_ and J_ raise and
lower it. The analogous‘. representations- in ‘the Virasoro algebra are
J, > Ly, J,— {L_} ‘, J.—{L,,} ,forn>0. The requirément of unifarity in QM leads
the eigenvalues of J, to be integers or 'half-.integer. Friedan, Qiu and Shenker™ (FQS)
showed that in the Virasorso case unitarity séverely reétricts the pos‘itiv-e eigenvalues (A

>0 ) of L,. Thus, the Kac? determinant must be zero™”!

— _ PNV - pq)
det My, = quSIN (A-A4,,(@©))

where p, q are positive integers, [(m +1) p -mqP-1
P 4m(m+1)

and the central charge ¢ is parameterized by c =1 - [ 6/m(m+1)],withm=2,3,4,
.., (€ < 1). The determinant vanishes on curves A=A, (c)inthe (c, A) plane.
Within this theory, a given universality class is characterized by the value of c. Oncec
is given, the possible values of critical exponents can be. obtained. This approach is so -
general that it is not necessary to solve the microscopic model. Since only one number
cmust be specified, only one éxponént need be identified, and_then all the other exponents,
plus the correlation functions, follow. In such a theory, the corrélation functions and
operator product expansion coefficients are calculable. This infonnatibp is useful to
identify the microscopic 2D models or, more generally, universality classes. Many dif;
ferent methods have been used to make these identifications during the last few years.”®
Unitarity limits the allowed values of ¢ (¢ <1) and the scaling dimensions ( A
corresponding to critical exponents ). In this case, the Ising ( ¢ = 1/2), tricritical Ising (
c=7/10), three-state Pqtts (c=4/5), tricritical three state Potts (c=6/7), énd other._

O(N) mbdels are realized™". Fbr a complete catalogue of dnjversality élasses with ¢ 2
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1, additional symmetries have to be invoked . Inthe special case ¢ =1, the Gaﬁssian

model is identified with a continuous internal symmetry group G = U(1) by which the q

=4 Potts model, the XY modél, eight-vertex model, the Ashkin-Teller model, Coulomb

gas, and continuously varying exponents can be described”™ . For ¢>0, anew discrete

set of central charges associated with a new Virasoro algebra was obtamed from the

Goddard-Kent-Olive constructlonml Although there are no 1dent1f1able specific models

corresponding to ¢ > 1 so far, the exact solutions of high-spin integrable generalization

models with ¢ >

10.

of the XXZP"* and XXX P models may imply the existence of a class of U(1) invariant
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"CHAPTER III

MEAN-FIELD THEORY OF Q-UASI-TWO_DIMENSIO.NAL SPIN-1/2 ANISO-

A TROPIC HEISENBERG ANTIFERROMAGNETS

' Introduction

Magnetic phase diagrams of antiferromagnefs have been studied both theoretically‘
and experimentally for a long time. Experimenfally, much aftention has been devoted
to uniaxial antiferromagnets. These systems exhibit a bicritical poiqt at a finite magnetic
field H parallel to the easy axis. Many of the theoretical predict‘ions, particularly from
meén-field theory, renormalization group approach and high-temperature series expan-
sions, concerning the bicritical phase diégraxﬁ have been confirmed by experiment. In
general, it is expeéted that weakly anisotropic uniaxial antiferromagnets in a magnetic
field H pa;:allel to the easy axis should exhibit a multicritical point at some fi‘nité, nonzero
value of H. The existence of a bicritical or tetracritical point in uniaxial antiferromagnets
is usually determined by the fourth-order spin anisotropy in the Hamiltonian."* Scaling
" analysis, renormaliiation-group approaches, and € -expansions techniques have proved
extremely fruitful when analyzing the thermodynamic behavior in the vicinity of these
points.” " However, to derive global phase diagrams for the whole temperature and field
range instead of just near those multicritical points, mean-field theo;y seems to be

uniquely successful.!'""”!
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The mean-field approximation has been applied to study phase transitions in a
variety of physical systems. For many spin systems, this approximation not oniy gives
a eatisfactory qualitative description of the experimental results, but also gives a sur-
. prisingly good quantitative description of macroscopic phase formations. A typical
example is the study, within mean-field theory, of the supersolld phase in the quantum
~ lattice gas model."™ The supersolid phase introduced in the early 70’s is a state in which
both diagonal ( crystalhne ) long-range order and off-diagonal (superﬂu1d) long- range
order coexist in the quantum crystal model."®*! This phase was first found exper-
imentally by Rudnick ef al.”"! and Goodstein et al.”” who'showed that a thin film of
“He undergoes a transition from superfluid phase to solid phase with no latent heat,
implying that there is no first-order phase transition betweep superfluid and crystalline
states. In the correspondence to the quantum lattice gas model, no two particles can
occupy the same lattice site. Thus, the crystalline order is due to strong ferces of repulsion
embodied in the effective potential V(r). In the low pressure region, a superfluid phas—e
is formed with. off-diagonal long-range order closely related to Bose condensation, and -
an off-diagonal kinetic energy, t(R,R"), associated with tunneling from lattice site R to
lattice site R. Thelatter ensures the particle motions that are necessary tohave a saperﬂuid
component.” This model can also be represented by the standard boson Hamiltonian
in second-quantized form. In this form the Hamiltonian is fuily analogous to that of an
anisetropic Heisenberg spin systems."*">*! We refer here to an anisotropic (biaxial)
Heisenberg spm system with two types of' exchange interactions, I3, .J,y, 1) and FQJ .
I, J ';). The ferromagnetic and antiferromagnetic exchange energies in the spin flop (or

antiferromagnetic) phase are analogous to the attractive (or repulsive) and repulsive (or
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attractive) potentials in the superfluid (or solid phase), respéctively, in the quantum lattice
gas. With a field along the £ axis, we refer to the ¥ and 7 components of the spin
coupling as "off-diagonal"."®! There may exist an intermediate ;;hase between the spin
flop and antiferromagnetic phases due to a competition between the interlayer and
intralayer exchange anisotropies, which wouid cofrespond to the supersolid phase in the
quantum lattice gas. This intermediate phase should be characterized by a coexistence
of spin flop and aintiferromagnetic phases.

However, the spin system corréspondi.ng to the quantum crystal has many aspecfs
which are different from the usual uniaxial antiferromagnets mentioned at the beginning:
(a) the system is of biaxial anisotropic form (anisotropic Heisenbefg or XYZ-like); (.b)‘
the system contains two types of exchange interactions (J and J'); and (c) the spin
Hamiltonién contains only linear (Zeeman) and quadratic (exphange ) terms. Thus,
several important questions may remain unresolved. (1) What kind of real spin systems
can exhibit an intermediate phase? (2) If they do exist, what should the global phase
diagrams be? (3)Is there a tetracritical point, without cubic and fourth-order terms in
the Hamiltonian? (4) Is it possible to confirm this intermediate phase experimentally?
With an emphasis on these questions we will study the phase transitions and phase
diagrams of quasi-two dimensional spin-1/2 anisotropic Heisenberg antiferromagnets,
within mean-field theory. In the next section a generalized form of the mean-field
approximation for a bilinear interaction system is outlined with a special attention to the
spin systems. Following the work of Van Wier et al.,”” the complete solutions of the
quasi-2D anisotropic Heisenberg antiferromagnets at T=0 are diécussed. 'fhe finite

temperature phase diagrams are also derived in this chapter. Liu and Fisher’s!"®
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analysis of a supersolid phase in the quantum lattice gas is directly applied to study of
an intermediate phase in the quasi-2D spin-1/2 anisotropic Heisenberg systems. Iﬁ the
last section, we discus-s the effect of spin-canting at the transitién between the spin-flop
and the antiferromagnetic phase. The necessary formulae for carrying out a numerical
.calculation are given. |
Generalized Formalisom of the Mean Field Approximation

for a Spin Bilinear Interaction System‘

Mean field approximation can be made in a variety of equivalent ways."'*"*'"! For

a quantum system consisting of mény-body interactions an exact calculation of partition
function, Z, may be difficult or impossible. Consider a quantum spin system for which
H includes a single-spin part and a bilinear interaction part

H=-3%3 358 -

iy A=10=1

N n
-z (Z h,ﬁ,‘)

i=1\A=1

- where §? denotes a spin operator on the lattice site { with component A and J{", is

- interaction energy between the sites i and j corresponding to components
A and o(o=x,yandz). J ,-?" are the anti- and symmetric exchange energies, and
hy, are the components of the external field.

By considering the inequalities of Gibbs, Falk®” has shown that for any

approximate density matrix p’, such that Trp’=1, the free energy F satisfies the
inequality - |

F<® = Tr(oH)+B Tr(p’'Inp’) ' (2)
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where B =k,T. Thus the best way to obtain the free energy associated with the

.Hamiltonian (1) is to minimize the function ® with respect to the approiimate density
matrix p’. |

Although there is a variety of equivalent approaches in the mean field approxi-
mation, all methods have in common the approximation wherein the average of a product

of variables is replaced by the product of the averages. That is

~ . N A l ~ A ~ )
Pur = IZIP}' = p®p,®p;...Opy
where ‘
;- e \ 3)
"oy e

is a density matrix defined for thé single site i. Putting p,; into (2), we have
. . A < ij A oG
Opyr) = -2 2 2 Jig mm ' -
) r=1o=1 . ' . (4)

N nooON » _'IN
‘3 Tr[— S b, T1p, S +B npkan,.],
i=1 A=1 k- k .

where _
A = <S‘,x'§7> = Tr (fA)MAg,xS;;’) _
- To minimize ®(py) under the constraints Trp; = 1 and Tr(p;S}) = m;', we should

introduce Lagrange parameters o, v!. Thus, we write
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a(op— oTvp, -S4 T, §?)/aﬁ,. - o,
which leads to
< ar | -l -1 - Ao (5)
—xglth;“FB‘ Inp;+f —a’i_g’%’gi =0
N ) R :
where Tr(H Pr S ,-) = Tr(p; S.) was used. Eq. (5) yields
k
P = (eﬂa"_,])ex_ | ﬂgl (hx'*'%)ﬁ?] .

or ’ ’ ' (6)

el B 2 O+ is?]
=]
P; "

Tr exp[BxZ (hx+“ﬁ‘).§,?‘j|

=1
where Tr ex v Bxi (h+YD) §,"] = (e[m"_l)_l = Z. . The average of §} can be
A=t .

written as‘

m' = (Y = Tr(p,ShH =

!

‘ ‘ (7)
d(InZ) :
= B.(h+Y) . :

This equation is single particle equation of state, with the external field A, replaced by

hy+ }f“ Now we assume we can calculate all the single particle properties. Thus one can

calculate the Lagrange parameter v} from the inverse v = B (mY — h,. From eq. (6)°

we have

I T L
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lnp, = [Bél(hﬁw‘)é,-}lnz,-f

By substituting this equation into the last terms of eq. (4), we obtain the expression for

the function P,

N n n

oD = -3 3 % sbmim

i) A=106=1
N n
+2 (; v m — B lnz,-) - (8)

where the single particle potential ®, for a given m} is

o » o

o m!T) = X m'-p'InzZ. ®
: A=1

In order to obtain the thermodynamic equilibrium free energy, eq. (2), the value of the

function ® should be minimized with respect to the m,-". .Taking the derivative

@ W N ox o (10)
37,?" B a_m?_jgl c§1 hom; = .0 ‘
where
ob, LE}Y?. _,0InZ
om} y\+m, am,-"_B om}’

and using the fact that

_;aan,- _ dInz o ) , oY
om  oBY)  om} " om}

B

we have
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@ _ - - an

and

(12a)

N n .
¥o= XX Jim?
j o

It is clear now that at thermodynamic equilibrium the Lagrange parameters ] in eq. (6)

have the simple interpretation of mean ﬁoleculm field or effective field,
H' = ++hn" . ~ (12v)
By substituting eq. (12) into (6), eq. (7) then yields the equation of state
" N n . 13
m' = B,.({z YT md+ h,} , T) , (13)
. j o

or

m' = B(HT) where i=1,2,..N,A=1,2,..n,

by which {m}'} can be solved self-consistently. To be local minima, the solutions of Eq.

(10), which are equivalent to the solutions of eq. (13), should_ be combined with the
condition that 0*®/dm*om;’ be a positive definite matrix.

If there are several local minima, it is necessary to select the one corresponding
to the smallest value of ®. If the ~matrix of aztb/am}am,}’ has a zero eigenvalue, it is
necessary to consider higher derivatives to determine stability. When. there is stability,
the existence of a zero eigenvalue corresponds to criticality.

To describe the critical behévior'and phase transition by mean field theory, without

loss of generality, we refer (1) to the Hamiltonian of a N-spin system. Therefore S*is




43

the ), componen? of a spin operator at lattice site i, where ), = x, yandz (n=3). Ifwe
consider the interaction only 1iﬁkMg nearest neighbors <ij>, J,, denotes the ex.chz;nge
interaction and 4, is an external field (A =x, y, z). The number of degree of freedom in
this caseis 3N. Itis conveqient to denote the solution of eq. 13 (or eq. 10), magnetizatibn,
as '- ! |

{m,T)} = {m,m,..,my}. , (14) -
The local minima and local stability of @ are determined by d®/0m,, = 0 ( eq.(10) or (13),
i=1,2 ... 3N) and the condition that det | & ®/om,0mg | > 0,. Criticality is defined by
det | *®/om,0my| = 0, at an absolute minimum ®. Therefore, the phase boundaries
for. second order transitions are determined by both eq. (10) (or 13) and
det | & ®/omOmp| = 0. In other words, one should obtain a second-order phase
béunda:y,hc =h_ (T), by substituting (14) into det | & <1'>/am¢,ta_mﬂ | _—

We int;oduce an expansion analogous to a Landau expansion in one order
parameter. Consider deviations in the magnetization space from the equilibrium point
{m(h,T)} = (ml, m,, ... M,y in a direction, say x = (X, X, ... X3y), measured by the small

i

parameter om, i.e.,

m =0, M,... M) = (m,my, ... Mmy)
(X Xy eel Xay)OM (16)
The expansion of @ at point {m} is given by
= C,(m) - ' 17

o) = Oem)+ T

(dm)"

where
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w yo . - (18)

omy,...om,,

The extremum condition d®/om,, = 0 (eq. 10), a = 1,2,...3N, implies that the term linear

in &m vanishes, C; = 0. A necessary condition for a stable critical point is that C; vanish.

Otherwise, instead of a minimum one has a saddle point. In expansion (17), ®(r#) is

expanded around any tﬁermodynamic equilibrium point {m;}. Thus the deviation, dm,

is a global order parameter to serve in all temperature and field ranges. Analogous to

‘the Landau expansion, the critical behavior and order of the phase transitions may be

classified by the signs of coefficients, C,

1)
2)
3)
4)
5)

for a stable phase, C, > 0;

for a second order transition, C; =0, C;# 0, C, > 0; |
for a first order transition,C, = 0,C; # 0, C, < 0,

for a critical point, C, =0, C;=0, C, # 0;

for a tricritical point, C,=0,C;=0,C,=0.

C, is given by eq. (18)

Cy(m)

C N ) .
al.§=l. Ny, Om,, Yaror

3N { 3N aZ(D
- {35

At criticality, C, = 0, thus we let

W FD(m).
Eama,amaz

%y =0 (0,=1,2,...3N),
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which means that we choose {x} to be the eigenvector of the Jacobian matrix
a%ﬁ(m )/amalama,_ corresponding to the zero eigenvalue so that |

det | P®/Om, om, |=0 . - | (19)
Therefore, eq. (19) together with eq. (10) (or 13) determines a phase boundary 4 = h,
(T). The critical point (T, h.) then can be determined by combining with equation C; =
0. To determine whether or not this point is a tricrifical point, it is necessary to check
~out C, | | |

To discuss the phase diagram,s by mean field theory in our case, we may define
the phases by recognizmg‘théir specific symmetries from the stable soAlutions.‘ Fo'f agiven
spectrum of {Ji, ,} in the Hamiltonian (say, anti- or ferromagnetic Isiné, xy, or Hei-
senberg ... models with a specific direction of the external field), in the-di‘fferent regions
of h-T space if there exists a éet of stable solutions in eq. (10) (or 13) whose symmetries
are distinguishable (characterized by sonk order parameters), then the thermodyn‘amic
equilibrium states of the system corresponding to the different stable solutions are.called
phases. We denote by {my(T .’h)}’ {(my(T,h)} ... these different stable solutions. A phase
tranéition will occur when the external physical parameters 4 and T are varied to cross
to a phase boundary between the different phases. The thermodynamic potential ® is‘
continuous at a phase boundary, ®; = ®;,. If the first derivatives of @ with respect to the
T and h, are discontinuous at the phase boundary,

aq)! ;a(bll aq)l ;eaq)ll
oTf ~ oT’ oh, oh,’

then this type of transition is usually called a first order transition. If the first derivatives

of @ are continuous, but the second derivatives




46

Fo Fo . 7o
oT? ok} oToh,

have discontinuities at the phase boundary, this kind of transition is referred to as a
second order (or continuous) transition.

For example, the phase diagram of a uniaxial antiferromagnet with the magnetic
field along the easy axis (say, £ axis) is drawn schematiéally in Fig. 4. The paramagnetic
phase (PM) is separated from the spin-flop (SF) phase and the antiferromagnetic (AF)
phase by the two second-order phase boundaries, SF-PM and AF-PM, respectively. The
symmetries of those states could be recognized from 'the solutions of -sublatt_ice magne-
tizations. The PM phase is characterized by m,, =m,,; #0andm,,=m,=m,=m,=0,
while the AF and SF phases are described by m #m,, ( m,; < 0, m, > 0 ),
m,,=m,,=my,=m,=0 and m,;=-m,#0(orm,=m,,) ,m,,;=m#0, m,;=m,=0 (aésuming _
Y is the hard axis), respectively. It is clear from the symmetries of the éolutions that the
magnetizations are continuous at SF-PM and AF-PM phase boundaries (second order)

and discontinuous at an AF-SF boundary (first ordei). Because the symmetries of both

phases at the second-order phase boundaries are exactly the same, the phase boundary

can be given by instabilities (stability limits, eq. (19) ) in either phase, Howéver, the
AF phase is separated from the SF phase by a first-order phase transition which meets
the PM phase boundary in the bicritical point 7,. Thus, the stability limit of the SF phase
(det | &’ ®sr/dm;dm; | = 0) and the AF phase (det | °®/dm;dm; | = 0) may not be the

‘'same. The first order phase boundary is determined by the condition Hy (T), ®,r = O,

and is located between the instability lines ( shown as the dashed lines Hg: and Hg

in fig. 4) . Whether the actual observed transition occurs at H{ (T) without hysteresis,
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systems. In this case, it is necessary to make a nonlinear coordinate transformation for

the solution (eq. 14) of eq. (10) (or 13), or to choose other relevant order parameters to

carry out the expansion (17). The general formalism of the mean field theory presented

here will be valid for a relevant order parameter in a proper representation.

An Intermediate Phase in Antiferrom‘agnetg and

a Supersolid Phase in the “He Film

Studies of phase transitions in magnetism have contributed to the understanding

of many aspects of other physical systems through the analbgy with spin models. For

example, the supersolid phase in quantum crystals is fully analogous to the intermediate

phase in an anisotropic Heisenberg antiferromagnet.!'®%1 .

Several theoretical speculations concerning the possibility of a supersolid phase

in quantum crystals were advanced in the early 70’s."®*' This new phase consists of

two kinds of long-range order, namely off-diagonal. (superfluid) and diagonal (crystal-
line). It has been reasonably well established that the usual superfluid phase of helium,
liquid He-II, posscsses off-diagonal long-range order while the normally observed solid
phase of helium displays cr}.fstallinc. order. It has long been known ihat the A-transition
in liquid 4Hé can be understood in terms of a Boson condensation, as occurs in the ideal
Bose gas. Thus the s‘upe;'fluid phasé in “He has been treated as a Boson-condensate state

(1923) works with a lattice of discrete lattice

in a quantum lattice gas model, where one
points rather than a continuum. It is then assumed that no two particles can occupy the
same lattice site. This constraint represents the "strong forces of repulsion embodied in

the poténtial V(r), the hard-core term in the Hamiltonian, which provides a strong

long-range order (diagonal order) to form the crystalline ﬁhase at high pressure.” The
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'superfluid phase is characterized by the éxistence of an off-diagonal long-range order,
related to the Bose condensation. The off-diagonal kinetic energy, #(R,R’), associated
with tunneling from lattice site R to lattice site R” ensures the particle motions that are
. necessary to have a superfluid component in the so]id. _
Several models have been proposed to describe the superfluid and crystalline
phases using the standard Boson Hamiltonian in second-quantized form.!*212% ‘The form
of the Hamiltonian has been found to be fully analogous to that of the anisotropic Hei-

senberg system.!'®'?*!

The complete equivalence between the variables in the two
systems can be found in references (18) and (32). Fisher® has pointed out the analogies
between the fnagnetic and fluid phase diagrams. The phaée diagrams of an antiferro-

magnet and the quantum lattice gas are illustrated in fig. 6. It is apparent from fig. 6 that

the analogy has helped in understanding the essential features of the phase diagram of

real “He. It is noticed that in the mean field approximation one considers essentially only
the averaged effect of the potential. Thus in the low-pressure region (high field), the
effective potential is attractive (ferromagnetic). While at high pressure (low field), it is
repulsive (antiferromagnetic). If one consideré‘oniy models with a repulsive (antiferr-
omagnetic) interaction between the nearest-neighbors and a weakly attractive (ferro;
magnetic) interaction between the next-nearest-neighbors, then mean field theory will

be reasonable to describe the lambda (antife;’romagﬁetip-spm flop) and the melting

(antiferromagnetic-paramagnetic) transitions, but should not represent accurately the

effect of the longer range weak attractions that are important in the low-density (and low
pressure) region where the liquid-gas transition occurs. Thus, in this model the liquid-gas

transition line is missing in fig. 6.

1

| S—
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A significant difference between ‘“He film and bulk was found in late 1969.
Experiments by Rudnick e al.® and Goodstein et al.” s.howled that surface waves in
the unsaturated “He film vanish abruptly at a critical film thickness with no latent heat
which implies that the first order melting line between superﬂuic‘iand solid phases could
disappear when the thickness of the “He film is below a critical value. Thus, a new phase,
so called supersolid, as characteristic of the coexistence of the superfluid and solid phases
had been introduced. By analogy with the spin system, the supersolid phase in the thin
film of “He is completely equivalent- ‘tb an interrﬁediate phase between the SF and AF
phase in the anisotropic Heisenberg antiferromagnet. Fig. 7 illustrates this analogy. In
general one can show by using mean-field theory that there can exist an intermediate
phase characterized by coexistence of the SF and AF phases lying between the SF and
AF phases and separated from these by second-order phase boundaries. Sixﬁilarly, in

this work we strongly suggest that an intermediate phase may exist in the quasi-two

dimensional anisotropic Heisenberg systems with strongly ferromagnetic intralayer’

exchange and weakly antiferromagnetic interlayer. It may be possible to verify this phase
in a large variety of layer-type magnetic metallate compounds since a rich variety of
nonmagnetic organic cations produce large and variable separation between the magnetic

metallate layers.

Mean Field results for Quasi-two Dimensional,

Anisotropic, Heisenberg Systems at T = 0 K

We consider a general quasi-2D system with a biaxial anisotropy in the exchange

energy. The solutions at T = 0 for an external field applied parallel to the axis preferred
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(easy) for antiferromagnetic-alignment or to the second next preferred (intermediate)

axis can be given by mean-field theory.

The Hamiltonian of this model is written as

H = =23 {18:S5+7,S1S, + 78285}
o,
~2 3 [JSISL+T SISL+T.SIS5}
oy B-'p YOBYR T VLMpUp . (20)
—2 S (ISISy T SIS]+ T SIS5}
o.p
<o, B>

. B
23K -{qs-Se+qp- Sp}

o.p
where J,, J, and J, are exchange constants within the layer,.and J,J', and J', are
exchange constants between the layers. Let A and B denote the two sublattices associated’
with adjacent layers. o and o denote nearest nelghbor spin sites in sublattice A
(o, 0 € A), and B,p denote nearest neighbor spin sites in the sublattice B (B, B’ € B).
We assume that the intralayer exchange (J; ) is positive (fenomagnetlc interaction) and
that the average of the interlayer exchange components (J',+J’,+J',) is negative
(effectively antiferromagnetic interaction). If |J "1« |J |, the model represents ferro-
magnetic planes coupled éntiferromagnetically to each other. Spin anisotropies due to
exchange have been takeﬁ into account both within and between layers. This microscopie
Hamiltonian may be suitable for study of many copper-layer eompounds. In general,
the interaction terms in the Hamiltonian (20) are dependent on the specific lattice and

details of the exchange paths. However, we only consider the nearest-neighbor interaction

between the layers as well as vﬁthin the layers in this work. Thus, in the mean-field
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scheme, we assume that

. NZIY
2 Y J,<S.8,> = (———'J<S'S’>n
<o > 4 .

g (NZ'J’; o
2 2{3 J<88> = ( ’)<S’S'>,,,
<o, B> .
@ = x,y,2),

where the normalization constant N is the total number of spin sites in the systems and

z and Z’ are the structure constants determined by the structure of the exchange paths

within and between the layers, respectively, and< S ‘s >, and<$ ' S' >, are components
of the nearest-pair spin correlations due to within and between the layers, respectively.
A general method to solve Hamiltonian (20) by mean field approximation has been

discussed in the second section. The solutions can be given by solving eq. (12) and (13)

corresporiding to (20). The number of degrees of freedom in this case is 6 (n =3 (x, y

and z); N = 2, (A, B) two-sublattice model). The six nonlinear coupled self-consistent
equations (eq. 13) may give many possible soiuiions. All of the physical solutions can
be determined by employing the thermodynamic stability conditions. To discuss generai
solutions of (2), we firét consider the case of T = 0. In the next section, we will study

the case of finite temperature.

. ' ~ n 4
Foratwo-sublattice model,p, = ¢ Tre™  and P = e oTre™ 5
atT=0, (P — ) we have ﬁA = ﬁB. 'Thus,-th_e 1ength of the sublattice magnetization
should be, m% = mip = X [Tr (S P A)]z =87, constant. Therefore, the number

i=x,y,z

of degrees of freedom at 7 = 0 is reduced to 4. In biaxial anisotropic systemé, however,

~with the field directed along the easy or intermediate axes, the hard axis component of

the sublattice magnetizations can be assumed to be zero,<S,> = <S3> = 0. In
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this work special attentioq is givén to the case in which the external field is applied along
the easy axis or intermediate .axis. The number of degree of freedom in this case then
turns out to be 2. We let the £ axis be the direction preferred for mtifeﬁomagnetic
(J', <0) alignment (easy direction), [J',|>[J’,| and |J’,|>]J’,]|and the 7 axis be
the intermediate axis, which impliés' that |J,|+|J’,| is smaller than both
[J 1+1J°.| and |J,|+]|J’.]. For the case of the applied field along the easy axis,
the zero temperature Gibbs free energy G corresponding to Hamiltonian (20) can then

be obtained from eq. (4)

G ZIp o ZL .
= = =22 + o] - L) + o]
Z’J’X x_ x A Z,J,Z z z . 8
5 (mAmB) T (mymyg) 2la)
~ B B 4 )

At T = 0 the two sublattices mus't.be completely saturated, so
2 )
(my) +(mp) = S ,

w2 22
(my) +(m;) = S* .
Thus, two variable o and P are introduced by

X

m, = Scoso, m, = Ssinq,

my = ScosP, my = SsinP.
The expression (21a) then can be written as
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G : Z
NSE —T.—g(J',,—J:)(coszowcoszB)
Z], Z
—— g Ve Jo) (sin” o+ sin’ B)
_ ’ (21b)
ZIJIX Z’,]’z ) . .
) cos o.cos B — 3 sin o sin B

—% H (cos o.+cos B)
All of the possible soluti_ons can be found by solving eq. (10), nainely

9GRo = 0 and IG/P = O. |
- According to the symmetries éf the solutions, the different phases can be defined.

To determine the stable solutions, the dynamical (local) stability conditions should be

considered: ‘
o oG G FG Y '
et |76 amam | = Kaaz | BBZJ—(%@B)]>O
and | |
9’G/oo? >0 (so z—;w).

However, there may exist several stable solutions (different phases) .at an appropriate
range of field H. The thermodynamically stable phase is, of course, the solutioﬁ with
 the lowest G for a given H. Van Wier et. al.”® have fully discussed this problem for the
' antiferromagnet in an orthorhombic crystal. Because of the similarity of the Hamilto-
nians, their results can be directly applied to a general quasi-2D antiferro,rha'gnetiC system.

All of the phases due to the solutions of dg/do. = 0 and JG/0B = Oare
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described as follows ( 'also illustrated in fig. 8):

(a) paramagnetic phase (PM): a0 = B = 0;

(b) antiferromagpetic phase (AF): o = 0; B = m
(c) intermediate phase (IN): || # |B];

(d) spin flop phase I (SF): @ = B # 0¢'.< 0);

(¢) spin flop phase I (SP*):ce= B # 0 (/°, > 0).
The intermediate phase introduced here is characterized by m* = mi+mi#0. In .
general, there is no a priori reason that the intermediate phase should be ruled out. The
nature of the intermediate phase is similar to that of the supersolid phase in the quantum
crystals.""® Thenon-vanishing direct or staggered magn_etizétions (m;f orm ) are relevant
order parameters in the intermediate phase. They reflect grédﬁal rotation from the £ to
the 7 axis 6r vice versa ( for m.) with increasing:Hx. This phase should occur for certain _
combinations of the inter- and intralayer exchange constants. To see this, it is necessary
to examine the local and global stability conditions.

Solving equations (22), _ the direct_ magnetization along the x direction is
m*=S/2 (cos o +cos B), are®® |
(@ PM: a=B=0, m'=S,m =0,
(b) AF: a=0, B==m, m'=0,m =S,

©) IN: v # B #0,a%p=0,




60

pH {Z'(J'x +J') - Z(, —L)J”z

cos (o+PB)= +

ZU,-J)S | ZV =T ) -2~ T)
ZJ +T')
ZJ.=J) ’
_ rz'v,.-J)-zJ.-J)7"
o5 (@— ) g [ Z0".~J')=20.~1)
: Z(JX—JZ)S Z(Jx+‘] z)_Z(Jx_Jz)
zZJ’, =) |
Z(Jx _J:)
and so
S o+p o-B
m = — + =
, > (cos o+ cos P) S cos 5 C0s—

= % [1 + cos (o + g1 - [1.+cos (o—B)1">;

dSF: o “WHIS |
o = _B = COS { [Z’(J’,\'+J’5)+Z(JX—JZ)]} ’ andso
e s

T 2T )20 T)]
(e) SF": :
o —uHls
o=[=cos { (=Z'J' +Z'J .~ Z] +ZT,) } ’
. WH/S

T =T +ZU-T)
By applying the local stability conditions det | °G/90dB | >0, 9°G/da’ > 0., the limits

of the field corresponding to different phases could be given. These limits (phase

boundaries) present the appropriate field ranges where the respective phases are allowed.
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Which phaée actually occurs for particular H is determined by global stability. That is
the thermodynamically stable phase must be of the lowest G. Also the free energy G
should be continuous at the phase boundaries. Fig.9 shows the sequences of thermody-
namically stable phases at T = 0 K occurring for different combinations of the exchange
consta'nts[26i (1,>0,7,>0and J’,<0) inour qﬁasi-ZD model witﬁ a field along the £
axis. ‘

For Z(J,—J,)>Z’|J’,|, only the AF-PM phase transition will occur. Because
of strong anisotropy within the layer (large J, or small J,), the system is Ising-like at 7=0.
The magnetization vs. field-is illustrated in fig. 10(a). The critical field H ,5:,' due to the
- first order AF-PM transition is Hy, = 5—;—5 where p=Z(J,—-J)-Z'(J’.+J’,) and
s=Z'(J’', - )-Z{J,—JT.).

As the anisotropy of the intralayer interactidn decreases to the regime

Z(Jz _]x) ’ N
= > 0 as shown in

ZU.~T)<Z TN, ZU=|T =T )+Z(,~])>0 and
fig. 9, a SF ( or SF") phase occurs between the PM and AF phases. It is apparent in this
case, J,>J, and | J ST+ (Z/Z’) W, -J, ), that the system behaves as a usual
anisotropic Heisenberg antiferromagnet with the easy axié along £. Fig. 10(b) illustrates
“the behav1or of m,vs H,. The crmcal fields H, due to the first-order AF SF (or AF-SF )]

1/‘2 172 (Or

transition and HS; due to the second—order SF-PM (SF'-PM) transition are ¢
p? s )and r (or s), respectively, where ¢ = Z'(J’,—-J')+Z({J,-J,) and
r = =Z'(J,+J)-Z(J, J)

However,ifJ,>J, and Z' (-] J I—J D+Z(J,.-J)>0, anINphaseex1stsbetween
the AF and SF ( or SF") phases, separated from these by second order phase boundaries.

It is obvious that the existence of an IN phase is a result of frustrated spin-alignment
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since |J’ |>|J’.; J.>J, and Vi-1731 z The behavior of m,.vs. H, in this case is

> =,
J, =T, Z’
shownin fig. 10(c). The critical f1elds are HS = P 2q'2, HS= rq"p™?(or sp

1/2 172

yand Hys = r (ors). It is noticeable from fig. 9 that the area of the region (triangle),
in the parameter space, where the IN phase can occur is comparably small. Thus, it may
be difficult to verify an IN phase experimentally. In most copper-layer compounds, the

ratio of the inter- to intralayer exchange, ITII’ is around 10%~ 10”°. Even though some

compounds with magnetically inequivalent layers may have the behavior | J*, |>[J’, |
W=z
51, 7

and J, > J,, it may not match the confined condition

For the case of Z'(—|J’.|-J’)+Z(J.—J.) <0, it eventually.results in the easy
axis being along the 7 axis instead of £ axis. Thus, the antiferromagnetie-eligmnent
between the layers along the £ axis is destroyed and only SF ( or SF*) and PM phases
can be seen in this direction. The behavior of m, vs. H, is shown in fig. 10(d) where the
critical field Hyg =r (or s). |

Mean Field Calculation at Finite Temperatures

In’ this sectien, we discuss the details of the possibility of the existence. of an
intermediate phase at T > 0 for the qu;clsi-ZD systems phase boundaries between the SF
(SF*) and IN,‘and between the IN and AF phases . |

At finite temperature the density matrix p; (eq. 6) is no longe,r.constant. In our
two-sublattice model we take p; and pp as |

CXP(BEA ' §a)
Tr exp(-BﬁA -Ea)

A =

exp(BH ; -§3) | (22)
Tr exp([}ﬁg Sp)

Ll ot




el {NER N Ll ULt -

65
and so p = I% PaPs, Where H 4 (ﬁ ») is an "effective” or "molecular” field at a plane of
<,
- type A (B) which is given by (11) aﬂd (12) corresponding to the Hamiltonian (20). Thus

the sublattice magnetizations are <S, ;> = M,; = Tr(f)A,B . ‘SAA,B). Noting that

H,, /I M, , implies

m;;,a = gff My, = ij Tr(Pap - Sap) *)
for S = 1/2 the self-consistvent eq. (13) then become

< SgB > _ m;B =Zj§ tgnh(BHA,BS) . ' (24a)

where i=x,y and z.
From eq. (11) and (12), we have the effective fields corresponding to (20)

Hiy = ZImi,+Z'T my+h' (24b)
with i = x, y, z, and the lengths of the effective fields |

(24¢)

x 2 v <2 - 22
Hy = o) +ag) +a,)]"
For the case of an applied field along the easy axis (f axis) eq. (24) turns out to

be
<§>_ = % - FA tanh (BH,) =9
<sS,;> _ % _ IHij sanb(iE.) o | (25b)
- %taﬂh(BHk) - 0
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<Si> mi  H - - . ©(25d)
s - 35 = ﬁ;tanh(BHB) . :

Hi = ZImi+ZJ mi+h’ | | (262)
H: = ZI.m,+Z'T. m] , (26b)

H; =  ZI mi+ 2T, mi+ b | | | (26¢)
H: = ZI.mi+Z0.m | (26d)

and
H, = i)' +Ha) @
Atafinite temperature, it is in general possible to solve the self-consistent equations
(25)-(27) orﬂy by numerical methods. All the types of phases can be identified by the
symmetries of the solutions of equatioﬁs (25) - (27). The phase boundaries due to
second-order tra:qsitioné can be obtained from the criticality condition, eq. (19), with

qxpréssion (8). For a first-order transition, the phase transition line between two phases

is given by the boundary condition of thermodynainic stability, ®, = ®y, where ®;; -

are of the expression (8) corresponding to two different phases at the transition line. The. - '

résults discussed in the last section for T=0 will then follow as a special limit here.
Similarly for the case of T=0, the magnetization behavior at finite temperatures
for the different phases are represented schematically in fig. 11. The lengths of the

sublattice magnetization < S, p >° (m% 5) are no longer constant at T#0. Théy are a
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function of both the temperature and the field. Since there are no analytic solutions for
* equations (25)-(27), mj, s ( ¥x, ¥,z) are not appropriate order parameters to analyti-
cally stud); the phase transition. It can be shown that; by choosing appropriate d;def
parameters to replace mj, g in equations (16) - (19), the method discussed in the second
section can still be applied nicely in most of the cases to yield an analytic solution for
the phase boundaries. -

For the AF-PM phase transition as shown in fig. 11(a) similar to fig. iO(a) at T=0,
the appropriate order parameter for anal&zing the transitionism? = my —mp. AFand
PM phases are characterized by m’ # 0 and m. = 0, respectively. Fig. 11(a) shows an
fsing—like case (m4 p =0). However, for'an anisotropic-Heisenberg antiferromagnet at a

finite temperature, the thermal fluctuation always leads to <S4 5 > # 0 so that SF ( SF")

will occur before the PM phase takes place with increasing field. Thus, the appropriate

formal order parameter-for analyzing the PM-SF (SF’) transition is m; or mj;  for
the SF-AF (or SF*-'A-FI ) transition it is m” = m; —my. Fig. 11(b5 shows the behavior
.of magnetization vs. field at T#0. The phase diagrams corresponding to this case are
illustrated in figs. 4 and 6. | |

Once the IN phase occurs, the first-order- AF-SF ( or AF-SF') transition is
forbidden. The IN phase exists between the AF-and SF (SF') phases, separated from
these by‘ second-order phése boundaries. 'fhe magnetization behavior for this case are
shown in fig. 11(c) corresponding to the possible phase diagrams illustrated in fig. 7(a).

‘The appropriate order parameter for énalyzing the SF-IN ( or SF"-IN ) transition is

mi=mj tmj; for the IN-AF phase transition it is m; or mg. If there exists a’

multicritical point, there is an AF-PM second order transition. The five phase-boundary
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lines, PM-SF (or PM-SF), SF-AF (or SF'-AF), SF-IN ( or SF"-IN), IN-AF and PM-AF,
will be called the PS (PS™), SA (SA"), SI (SI"), IA and PA lines, respectively. In this
section our special attention focuses on the case _of existence the IN phase.

Liu and Fisher'® studied the phase diagrams of a quantum lattice gas model with
particular réference to the existence of a supersolid phase. Analogous to antiferro-
magnetism, the SF* phase was cons1dered characterized by mA =mi20 (my=m B) In
their model, J is positive (J’,> 0, in their notation ). To study the IA and SI" phase
boundaries, they have chosen m” =mj — mj; as an order parameter. However, for J’, <
0 the SF phase’is characterized by mj =—mj so that the sign of m; is opposed to that of
my at SF phase (fig. 7(a)). Thus, we may choose m; = mj + my as a order parameter to
study SF-IN and IN-AF phase transitions. Following their work, we discués the details
of phase boundaries in the both éases of J',>0 (SF") and J’, < 0 (SF) .

To obtain the IA boundary, it is convenient to start from low field where AF phase
is described by mj =mj =0. Above the IAvboundary, the IN phase is assumed to occur
described by m; #m; and mj #-mz. Thus, an appropriate order parameter should
be
| (28)

1
my== (mA mB)

Introducing a small perturbation resultant field (1/2)A, in the Hamiltonian along the 7
axis, hy/2 X (s;+Sp), for J°, <0, and a staggered field (I/Z)H_, (ht2) 2,;3 (So—Sp) for

op Co- o .
J’.> 0, equations (25) and (26) then become

) 1 \tanh(BH,) - - (31)
my = Zszj$Z’J’zm;+—hi‘-———(& '
2 H,
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" i \ tanh(BH, ' o (32

mi = (ZJ, miF 2T~ hi) tanh(pH,) ¢
. , 2 Hp

with the rest of equations remaining unchanged. The Gibbs free energy, G, can be

obtained from the Helmholtz free energy, ®(4°, T, h,), By

33
G = (D—fhidm; = cD-h,(S—az) A )

where
- dG . 34
h;{; =T .
om; '
- and @ is given by expression (8) corresponding to the equations (25a), (25¢) (26a), (26¢),

(27), (31) and (32).

G can be expanded in a power series of m; near criticality as

G = Gy +Cym) +Cymd) +Comd) + ...
From (34), we have

hy=2C,(m) +4C,(m3) + ... . (36)
The equilibrium condition is determined by A, = 0. The stébi_li.ty imp]ies'C2>0. As we
discussed in the second section, the instability condition (19), C,(h*,T)=0, will give the
required IA second-order phaée boundary.

i3y substituting eq. (36) into eq. (31) and (32), subtracting eq. (32) from (31) and

addingeq. (32)to (31), one findsthat m; and mj;canbeexpressed in terms of m”, m; ,

H, and Hp. Also, h,orh, can be»expresse':d in terms of mj, mZ,H, and Hjfromeq.

(31) and (32). Replacing m’ (or m}) by a power series of mI, m’=. 3% Stm3)", (or
n=0

mi, mi= i S;(m2)"), thus left sides of eciuations (35) and (36) can be expressed in
n=0 . . :
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terms of jy  (or m’) H, and H,. BY equat'ing the coefficients of equal pov;/ers
of m; ( or m?) on both sides of equations (35) and (56), Liu and Fisher!"® have shown in

zeroth order |
- H,, = ZJ, tanh(BH,,)+Z'J’, tanh(BHy,) + h* _ 37
"Hyy = ZJ tanh(BHy,) +Z'J’, tanh(BH,,) + h* | - (38)

where H,, and Hj, are effective fields with #,=0, and in first order

39
%czF,+(J*F1—1)S,*=.(1—J*F,); . 9

: S 40
—%CZFZ +(J*F, - )S{=—(1-JF) “0)

“where
JE = (ZJ.xZ'T)
I o= @L¥Z7)
F, = Hytanh(BH,)
F, = ch; tanh(BHz?o)u

At the IA phase boundary, C,=0, eliminating S 1* in equations (39) and (40), we have

[ZT) - (ZI)Y1(H, - Hg) '
- tanh(BH ;) - tanh(BH ) + ZJ, [tanh(BH )

+ tanh(BHBg)] -1 = 0.
' (41)
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Simultaneous solutions of equations (37), (38) and (41) ’gives.the IA phase boundary,
W=H,(T).

To derive the SI (SI") phase boundary it is convenient to start from the high field
side wﬁere, throughout the‘SF (SF")phase,wehave|m} |=|m;| and tﬁj = my. Again
wé consider the same berturbation field (1/2)h, albng the 7 axis and mi=1/2(m; £ m;‘)
as the order parameter. By considering the terms of the same order in m; and noting
Hy = Hg = Hyitis found in zeroth ordet that

S + (WY KZT,+ 2T |- Z' T ~ZI) = tanh’(BH,) (42)

tanh(BH,) = HY(ZJ,+Z'|J’], ' o (43)
and in second order ' ' |

SHUZT - @, +Z' T, -ZT Y]

1 .
@ZJ,+Z'7 - 2T, - ZT) 1 - =—(ZJ, = Z'T")
2H, "

: (%Cz +ZJ,F Z’J’z)f’(Ho)] =

L

2H, f ’(H o).' C (44)

[2ZJ,£Z'T") —%cz [[-

@'V, -Z]1) (2T +ZT)] | ;
where f'(H,) = ﬁ [H;" tanh(BH,)] . By using the instability condition C,=0 (at SI phase

boundary) and combining equations (42) and (43), the relation (44) becomes

o g | LHBEZY.-2)) sech®(BH,) (anb?BH) (45)
' US| 1 —B(ZT, £Z'T")) - sech*(BH,) °
where H . . is a critical field at T=0,

S, s1
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o Zl, 27, -2], -7,
- sttt ZI,-ZI,+z' 7. =27, |
(2], -Z'F, - ZI Y - (T 1" ' - (46)

The SI and SI” phase}boundari'es, W=H_. (T), then can be given by a simultaneous

- solution of (43) and (45). The * sign in Eq.43) and (45) correspond to
J. > 0(SI') and J’,<0 (SI)cases, respectively. '
The paramagnetic phase boundaries, PS ( or PS) and PA phase lines which are

[33-35]

well known could be determined in the same ‘way. Thc; PS'( or PS") boundary,

h'=Hp(T) (or H s*)» 18 given by

2H, | | ' @

tanhBH, = o

and

) H, (48)
WIGLEZT .~ 27 =21 = 7

where the + sign refers to J”, > 0 for PS” and J ’, < 0 for PS, respectively.

The PA line, h*=H,,(T), is determined by

1+B@ZT,-ZJ) sech®BH) = 0 . 49

and |
H, = (ZJ'.+ZJ)tash(BH) + K" . (50)
AsT — 0, so that f — oo, one finds that HM(T) (eq. (37),(38)and (41)),H o, 5{(T)

(eq. (43 )~ and (45))and H ..

s ps(1) (eq. (47) and (48)) reduce to the zero-temperature results,

namely, H,,i, HE and H 155 s+ 8iven in the previous section. Also, one may show

s1,s1°

that the SF (SF"), IN and AF phases are the appropriate stable phases by demonstrating
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that the coefficient C, of G expression have the correct sign 6n both sides of the phaée
boundary lines. .

At the Aﬁ phase, the expression t)f C, cotxld be derived through eq. (37) - (41),
C,. = Co(Hya, ™, B, Hyg, Hpyp). Since eqs. (37) - (41) are obtained from the AF phase,
C, should be positive 4, <H,. Unfortunateiy, even though there is an exact expression
for C, it is so complicated that one cannot easily see what relation it.imposes on th‘e
varidus temberatu_re, field and interaction parameters. At very low temperature, Liu and
Fisher have shown

¢, = [w -, e+ 20 47T -2 (1)
At zero-temperature, the denominator in (51) is negatlve Wthh is the criterion for the
existence of the NI phase at T=0 discussed in the last section. Therefore, the AP phase
should be stable at low temperature (C,>0, h*<H,). |

In the SF phase, it can be shown from equations (42) (46) that C,>0 for ">Hg
(H o) - Thus the SF (SF") phase is stable.

Before ending this section we brieﬂy discuss the possibility of existence of a
tetracritical point.. We yknow that there may be an intermediate phase between the
spin-flop ahd antiferromagnetic phases, at 7=0. Thé two phase boundaries, SI and IA,
"depend on the exchange constants in a rather complicated manner. Liu and Fisher"®
have pointett out that there is a special case in which the four lambda lines (second order
phase transition lines), PS (PS™), PA, SI(SI") and IA, meet together at a single point. In
this case the point at which the four phases coexist is referred to as a tetracritical point.
At the tetracritical potnt, (Ty, Hy), the effecti\te field H, (a solution of (47) and (48)) for

the PS boundary is also a solution of both sets of equations that determine the IA and SI
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boundaries ((37), (38), (41), 43) and (45)), H, = H, = Hy

o0

The existence of a tetracritical point is well understood for systems usually having

high ordef interaction terms, cubic and fourth-order, with strong anisotropies in the
Hamiltonian. For example, mean-field calculations for the spin-1 Ising model in temar_)'l
mixtures and for tetragonal XY-like antiferfomagnets have shown the existence of a
tetracritical point. But according to Gibbs’ phase rule, a single-component (one order
parameter expression in G) system .cannot have more than three coexisting phases. Thus
in general the tetracritical point exists only in the. systems with high order anisotropic
terms (symmetry-breaking fields) in the Hamiltonian. Indeed, Gibbs’ rule applies only
to phases which are sufficiently distinct which transition between them is of first order.

In quadratic-interaction systems (our case), however, the four'phase lines (lambda lines

or second-order lines) joining together at tetracritical point correspond to continuous

transitions. Thus, as Liu and Fisher pointed out, it seems to mislead to regard the distinct
phasés as "coexisting" at the tetracritical boint. It could be understood as two distinct
types of long-range order occurring simultaﬁc;ously.

Since there is no completely analytic solution for this system, there is no generally
sufficient criterion fdr the existenc-e‘of an intermediate phase at a finite temperature. In
fact the presence of a tetracritical point ensures the existence of the intermediate phase.
Thus one may seek a sufficient criterion for its existence in this case. From (49) and
(50), one finds the Néel temperature

Ty = (2].-Z'7"). - (52)
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If the AF-PM transition is of second order for TT{T<TN and A*<Hy,then the tetracritical

point should be the common intersection point of the PA, PS (PS") and SI (ST") lines.’

Thus, it can be shown from equations (43),'(45 ), (47), (48), (49), (50) and (52) that
- 22T £Z'T, "

I;/Ty = sech” | ———— [[1 -TJ/T,] "¢ .

kpTy

Liu and Fisher have presented a practical criterion which states that if the IA phase line

(53)

lies below the SI phasg line (H,<H ;,), then at the tetracritical point (T, Hy) there must
be | |

[dH SI(T)/dT]T=T.,. < [dH(T)dT], _ r, ' (54
where T7 is given by (52) and (53). The derivative (54) could be analytically evaluated
from (43), (45), (47), (48), (49) and (50), but this expression is too complicated to see
what relation it imposes on the varioﬁs interaction parameters. It is apparent that this
criterion strongly contrasts with that at T=0 as given by Z’(~J | ", | = J’,) + Z V. —J)>0.
Therefore, it has been suggested that an IN phase occurri_né at finite temperature with a
tetracritical point might not extend down to zero temperature.

Since tﬁere is no genéral criterion f(;r the existence of an IN phase at a finite
tefnperature, the first-order SF-AF (SF'-AF) traﬁsitionmay occur below tﬁe temperature
at which an IN phase terminates. To solve for the fﬁst-order SF(SF") -AF phase transition
line, it is necessary to sblve the self—consistentequatiohs (25) - (27). Putting two sets of .
stable solutions of eq. (25) - (27) corresponding to SF (SF’) and AF i)hases respectively
info the expression of Helmhoifz free energy @, eq. (8), one can obtain a SA (SA") first

order phase boundary h'=H

.54~ from therquynamic boundary condifion,

{36-41]

Q.. o (h",T) = ®@,p(h",T). From the behavior of the metamagnets, it is well
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known that the PA phase transition may change from second-order in low fields near Ty,

to a first-order transition at highe fields and low temperature. There is strong evidence

from numerical calculations to support this conclusion."®

The spin canting effect responsible for weak ferromagnetic behavior in essentially
antiferromagnetic materials is caused primarily by two types of mechanisms, ie.,
single-ion anisotropy and antisymmetrjc exchange. The antisymmetric exchange term
with form D, i (S, x Ej) was originally suggested by Dzyaloshinsky™*” on purely sym-

43.44]

meﬁ’y grounds. Moriya® showed that it was due to the effect of the spin-orbit term

on the superexchange inferaction. In the Brillouin-Wiéner perturbation treatment, this
term is a second order spin-orbit interaction in the spin Hamiltonian."** The constant
vector, D ii» 18 due to the difference of matrix elements 6f orbital angular momentum
- between the two ions. Thus, the direction of D ; is dependent on a difference of the local
crystal field axes between the two ions. The magnitude of D'is éround the order of Af] ,
estimated by Moriya.[**4 |
Stﬁdies of the phase transitions of the simplé uniaxial antiferromagnet with
Dzyaloshinsk_y-Mofiya (DM) interaction have been made in the mean-field approxi-
mation at 7=0. For a uniaxial anisotropic antiferromagnet (anisotropic ,exchangé) with
aD vector perpendicular to the easy axis and an applied field along the easy axis,‘ it was

found that there is a gradual rotation of the antiferromagnetic axis, with increasing field,

from a position parallel to one perpendicular to the easy direction. Thus there is no first_

order SF-AF transition as would occur in the case of an antiferromagnet.* With an
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additional single-ion uniaxial anisotropy, Fairall and Cowen!*® have shown that a first-
order SF-AF transition will occur even with an applied field away from the easy axis by
anangle o < o, where .. is a critical angle which is str(;ngly dependenton | D "I, exchange .
and single-ion anisotropies. Although there is no analytical expression for o, numerical
calculations shbwed that for angles larger.than this critical angle the' sublattice magne- -
tizations turn continuously from an antiferromagnetic configuration into a spin-flop
configuration.”® For l_)fl= 0, this cﬁtical angle is of the order'*™** anisotropy/exchange.
With DM vector, D, , perpendicular to the direction of appliéd field, the paramagnetic
transition is desﬂbyedl[45'45] For H not parallel to D, a quasi-paramagnetic’* transition
is observed which manifests itself as an inflection point in the susceptibility.

In this section, we study an effect of DM interaction in the anisotropic Heisenberg
(biaxial anisbtropy) quasi-2D system_ with applied field along the spin axes at T>0.
Several configurations of sublattice magnetizations and phase transitions‘ are proposed.
- Due to a complexity, a general formalism at finite temperatures is presented in order to
carry out a numerical calculation. - ‘

For tirle quasi-2D systenﬁs, by means of |J*|/]J ]« 1 it is still possible that the
DM interaction presents both within and between the layefs. In this work, we discuss a
case that DM interaction only presents within the layer processing in the next-neighbor
since | D [~] 5::5 J| and | D’ |~ %’:’ J’| (for the most of copper-layer compounds,
| J'T | ~107 - 10".5). Also, we assume that D'is perpendicular to the x-y plane (parallel
to ¥ axis). Thus at grm;nd state with a zero field (T=0, H= O) spins in the layers will be
_canted each other within the x-y plane (easy plane) as shown in fig, 12(a). In this case

weak antiferromagnetic behavior occurs along £ axis. There is no weak antiferromagnetic
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behavior along y axis unless 7y’ vector rotates away from y axis.

. For the case of an applied field along £ axis (h h#), the three conflguratlons of
sublattice magnetizagions with the simplest (highest) symmetry, x-y plane as a mirror
symmetry plane, are identvifie'd. F'ig.412(b) shows an AF phase with the canting angle
B > o.where Ea, Ed belong to one }ayer (layer 1) and _S*B"EB’ bélong to another layer (layer
2). With‘increasing field, a first-order transition between the AF and SF.phases will
occur. 'i'he SF phase are illustrated in fig. 12(c) in which Ea, 513 belong to layer 1 and
:S’;, EB’ belong to layer 2. A quasi-paramagﬁétic phase (QP), is defined as shown in fig.
12(d) (3’:,, EB € layer 1, and §a, Eﬂ, € layer 2). The magnetization behavior is sche- |
matically shown in fig. 12(e).

Due to the symmetry, a two-sublattice model is adequate here. Thus the effective
fields can be denoted as fol}ows, |

AF pha_se (fig. 12(b)):
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1 1 — - 1 '
BV Tr(plnp) = §[=§B{H, -m, —Eln[Z cos (BH,S)]}

where the lengths of sublattice magnetization are
myp = S -tanh(BH, ,S). _ (535)

Now we add DM interaction term, Y, D- (S X S i), into Hamnltoman (20) and consider

<ij>

the expression (2). We have expression of ® for the AF phase

O ZJ, :
N - T2 2 sin” oL+ m_ cos’ o]
ZJ,
2 > sin’ B + m} cos’ Bl

ZD ., ZD ' '
- [m? sin 201] — T [m sin” 2B}

z'J,
— mAmB( sin o sin B — cos o cos B)

’rr?

5 =mymy (1~ k') sin ousin B (56)

X

Y (m, cos o, — my coslB)

1[3 In [2 cosh (BH,S)]

4 - (HAmA +Hymyg) —

B — In[2 cosh (BH,S)],

where k =J /], k'=J"/J,, and m,, is given by eq. (55). Free éncrgy in the AF phase

is obtained by minimizing (56) with respect to m,, mz, . and B:




1L

Y

Lol
am A

90
amB

82

Ay

—23 m, [k sin® oo — cos® o]

7y’
X

ZD .
— My sin 200+ my cos(oL— [B)

ry?

= mg (1 k) sina sin B

2
h H
Ecosoc+'7" = 0

Z], '
- M [k sin’B — cos” B] _

Iy 24
X

2

ZD .
——my, sin2P + m, cos(o.—f3)

2

ry?
X

.2

m, (1 —k’) sino sin B

H
%cos.B+7B = 0

VAR ZD '
ij k+1) sin20c——2— mj cos20

Z'J, )
—5— Mamy sin(B — o)

2

VAN , )
5 Mamy (1-k’) cos o - sin B

h
§mAsinoc =0

(57a)

(57b)

(57¢)
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oD . s . zn
Y% S .4 (k+1),sm2[3—7m3 cos2f
zZ'J, .
~ S mymy sin B~ a) |
(57d)
. Z’J’x . R
- T My (1=k") sinoccosB

- %mgsinB = 0

The equilibrium variables, m,(T,k), ma(T,h), (T, h), B(T,h), HL(T,k) and Hy(T,h),

are the simultaneous solutions of (55) and (57). By substituting these solutions into (56)
we have free energy in terms of 7 and 4 fdr the AF phase,
@, = F(T,h). : (58)

For the SF phase, the expression of @ is given as

O] —ZJx P . .
N = 5 M (sinysin &+ k cosycos 8)
ZIJI
- i1, (sinysind — k’ cos ycos 8)
Zb . ‘ : :
= 5 Mgl sin(8~ 1) (59)
h oo I Lo
- E(mAsmy+m3sm5)+§(hAmA+HBmB)
- 2[3 1n[2 cos(BH $) - 1B In[2 cos(BH S
where

My, = S -tanh(ﬁﬂA'BS) . ‘ (60)
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Similarly, the free energy of SF phase is given by minimizing (59) with respect to

My, Mg, ¥ and &

D - (61a)
— = 0 ‘
ot 4
90 ' o ~ (61b)
— =0
Orfig :
oP : (61¢)
— = 0.
&y
 _ (61d)
3

Simultaneous solutions of (60) - (61) give us theé equilibrium variables,

wiu(T,h), mg(T,h),WT,h), &T,h), H,T,h), and HB(T,'h). Thus free energy
for the SF phase can be obtained from (59),

O, = Fo(,h). . (62)
The phase boundary, h = H AS(T); between AF and SF phases (first order) then cén be

give_n by matching eq. (62) to (58’), F SF(T, h) =F (T, h) .

To obtain a second-order phase boundary between SF and QP phases, it is
necessary to employ the instability condition, eq. (19). We list all of the elements of
Jacobian matrix corresponding to free energy expression (59) in the pdlar coordinate

for SF phase:
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az(p - 0, _822 = 0,
orfi; o
FD, 2
b = anom, - 2 (sinysin © + k cosycos d)
+ 2 cos(y+8) - ~= (K’ = Dsinysin
- %12 sin(d - 7),
az® X . . .
c = Ty ~—5 i (cosysin & — & sin‘ycos )
- > 11, siny + 8) — 2 “ 1 g(k’ — 1) cosysind
ZD _ ‘ h
+ 7m3 cos(6-—y)-—§cosy_,
P z, .
d = e ~—5 (sm'}fcosﬁ — k cosysin d)
zv, 20
- 1 g sin(y + &) — tip (k' — 1)sinycosd

- ZTD ity c0s(d - ),

| ZJ ,
FP ~—=1fi ,(cosysind — k sinycos )

f = an'iBaY ~= 3

zJy, . VAVAR
- TmBsm(8+y)—, 2

i, (k' = 1)

cosysin d _,_‘%Q i, cos(0— 1),
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o= 872138 = —Txn"zA(sinys'mS—kcé'sysinS)
Z,J,x . ' ' ZIJIX ’

- 1, sin(y+ 0) — i (k"= 1)
2 2

' sinycosS—% rﬁACOS(S—-’Y)-%COSS,

Z,

= % = 3 1 41 g(sinysin & + k cosycos 9)

Z’J’r

- T’n’zAn”zB cos(0 +7)

Lz, .o, .
+ 5 Aty (k" — 1) sinysind

- ZD _ _ . h _ .
+ — Malfiy sm(8—y)+EmA sinf;

ZJ
= Ie = ——=1ii 1, (cosycosd+ k sinysin )

dyd0d 2
Z/Jlx

’ry?

11 17, cos(Y + 8) — - 5 -

1 stip

(k" —1)cosycosP ~ g—ZD— 1 4 sin(d — ),
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IO ZJ,

J = F = 2 H 411 5 (Sinysin & + k cosycos 8)
z'y,
- 1 ity cos(y + )
Zr o,
+ TmAmB(k'—l)smysmS :
ZD h
+ —Z—rﬁArsz‘sm(S—y)+En'zBsin8,

where i, riz, Y and & are given by the simultaneous solutions of equations (60)
- (61). The critical line for the SF phase can be obtained frofn eq. (19), which is
—  b*hj +2bc fi +b%i* - 2bcgi

— 2bdfi+2bdgh +c’g* - 2cd fg

+ dfF = 0. (63)
Eq. (63) gives us an instability line
h = Hy(T) | | (64)

at which the SF phase terminates. Above this line, />H, o0s(T), the QP phase occurs. Since-

the transition between SF and QP phase is of the second order which means the free

energy and magnetization are continuous at the phase boundary, the equation (63) is a_

necessary and sufficient condition to determine the phase boundary. -
In the QP phase, which configuration of sublattice magnetization is shown in fig.

10(d), the expression @ simply is of
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AR
= - > m> [~k sinz¢+cosz¢]

= [0

Z - ) ? IX
—TWsinmb— m> cos 20

2y’

= SmP (1~ k) sin® ¢ — hi cosd

2
—Hm - % In [2 cosh (BH S)]

where

m =S -tanh(BHS) .

Free energy is then given by minimizing ® with respecttom and ¢:

g#; = ZIimlk sm2¢—co§2¢]
| —ZDm sin2¢ |
—Z'J ;m cos20—~Z'J (1 —k") m sin* ¢
~hcoso+H = 0
and
aa%) = Z,:"W(kﬂ)smzq;

—ZDm? cos20 +Z'J’, m sin2¢

& &4

~——(1-k)Ym’sin20+hm sindp =

2 .

(65)

(66)

(67a)

- (67b)
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.In the limited range of parameter values numerical calculation has been carried out to
compare to the results of experiments. |

For the case which an applied field is along # (intermediate) axis, the analysis is
fully identical to that of an applied field along X axis in the SF and QP phases. ‘By simply
switching the spin coxhponents S, with § ; in the Hamiltonian, all of the equations given
for the SF and QP phase are valid to this case. Since £ axis is assumed to be easy axis,
there is no SF-AF phase transition along 7 axis, and so critical field is expected to be -
higher than that of along £ axis. |

For an applied field along y (hard) axis, a pafamagnetic phase will occur since D
is a constant vector and along ¥ axis. A SF phase in this case is more complex than that
in the previous cases. However, it isv apparent that the canting angle between the two
spins approaches to zero as field approaches to pa.ra_magnetic critical field. Thus, for
IE [« ], pafamagnetic phase _boundary h = Hps(T') can be approximately obtained
from eq. (47) and (48). For| D | ~1J’ ], due to a complexity, we do not discuss the details
here. _ |

A cantipg angle in the ground state with zero field (T=0, ﬁ=0) can be obtained

from eq. (57c) or (57d). Lettingoo=f and m,=my, éq. (57c¢) or (57d) then leads to

: 2ZD ‘
200 = tan"[ }

ZI(k+D)+Z'J (k' -1)

Of course, the effective field then can be given by solving eq. (57a) and (57b). ‘
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- CHAPTER IV

EXPER_I_MENTAL STUDIES ON-MAGNETIC PROPERTIES, PHASE
TRANSITI()NS AND CRITICAL BEHAVIOR OF QUASI'TWO DIMEN-
SIONA‘L SYSTEMS [C,H(CH,),NH;],CuBr,(n =1, 2 and 3)
o Introduction
The magnetic properties, phase transitions and critical behavior in layer

perovskite-type transition metal salts with the general formula (RNH;),MX, (R =

organic group, M = divalent metal ion: X = F, CT', or Br ) have been of particular -

interest for a long time.""” Many of these compounds have been studied in attempts
toverify theoretical predictions regarding two-dimensional (2D) and qﬁasi-ZD magnetic
systems since a rich variety of nonmagnetic organic cations produce large and varioﬁs
- separations between the magnetic meta]late‘ layérs.

It is now firmly established that the phase transition for the idealv'2D. Heisenberg
system at nonzero temperatﬁre is not related to long-range order, even though it is
characterized by an infinite initial susceptibility.""*! In contrast, quasi-2D ferromag-
nets, which are systems that deviate from ideal isotropic 2D systems by tﬁe introduction
.of spatial and spin anisotropies, are well known to have a finite transition temperature
related to the onset of long-range order.!"*>”) Thus, the behavior of low field magneti-
zation and the degree o'f divergence of the initial susceptibility at .the transition tem-
perature play an important role in indicating the differencé in the critical beh_avior
between the real quasi-2D system and ideal isotropic 2D system.

Although a complete theoretical study of quasi-2D magnetic systems has been
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not carried out yet, mean-field theory still can provide a considerable task to study phase
. diagrams of quasi-2D systems. One of the >striking questioﬁs which remains unresolved
is whetﬁér ornot the intermediate phase actually exists in the real quasi-2D magnetic
systems. It may be possible to verify this phase. experimentally in a large variety of
layer-type magnetic metallate compounds which contain strong ferromagnetic intra-

layer and weakly antiferromagnetic interlayer exchanges. Over the past years,'*!

phase
diagrams of a large number of copper layer-type compounds have been studied
experimentally. Much attention has been focused on the spin-flop phase. In the many

cases, the anisotropy is introduced only via interlayer exchange. Within the layer it is

usually assumed that exchange coupling is isotropic ( Heisenberg ). Thus the first-order

AF-SF transition élong the easy axis ( antiferromagnetically aligned interaction between

the layers ) is expected. The isothermal magnetization is then expected to be discon-

tinuous at the critical field in this context. However, once intralayer anisotropy is

considered, the first-order AF-SF transition may be forbidden. As we have discussed

in the Chapter II , within mean-field theory, an intermediate phase can exist between

the AF and the SF phase while the exchange constants satisfy the conditions:

LA NA

' z . . T
| I >4, >7,>0 and- T In this case the isothermal magnetization is

continuous through all the phases. Even though most of the copper layer-t_ypé com-
pounds behave as an anisotropic Heisenberg system due to both inter- ;nd intralayer
coupling, the confined conditions mentioned above may not be satisfied in many of
the cases. N

_The magnetic susceptibilities of the series of (RNH,),CuX, compounds with X
= CI' or Br" have been studied extensively."! They are characterized by nearly Hei-
senberg ferromagnetic intralayer coupling, with a small 1 - 5% XY (Cl) or ~Ising (Br)

exéhange anisotropy. The. interlayer coupling is generally very weak, especially for
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large R groups, and both ferromagnetic énd antiferromagnetic interlayer coupling are
obsewed. ’I"he class of compoﬁnds [CGHs(CHz)nNH3]2CuCl‘; have been reported to
belong to the rare group of insulating 3D ferromagnets.”"””! A detailed EPR study of
these compounds has been recently undertaken to probe their local anisotropies. ‘One
feature of this study was the observation of ;affects due to magnetically inequivalent
layers which implied that the interlayer coupling was less than 10~ K.%* |

For the case of very small interlayer coupling, the systems may éxhibit
near-2D behavior even close to a critical point. It seems to be important to study the
critical behavior of these systems experimentally in attempts to compare with 2D critical

theories, which have been extensively developed recently.?**

In particular, the
principle of conformal invariance has led to remarkable progress in the theory of 2D
critical phenomena.®**! The classification 2D critical theories may be universally
characterized by the conformal anomaly ( as we have briefly introduced in Chapter I).
| Such appliéations of conformal invariance in 2D critical theories require that a system
of short-range interactions at the critical point be not only translationaily and rotationally
invariant but‘ also scale invariant. Although ﬁo experimental work has been reported to
verify the 2D conformal critical theory so far, it is possible to verify 'the applicability
of such "universal" 2D critical theory for a realistic 2D system by testing the scaling
invariance from the critical point data. Thefefofe, it should be.very interesting to apply
the scaling law to analyze the results of isothermal magnetization measurements near
the critical point for a 2D ferromagpef. '
" Inthis chapter, we report the magnetic studies of new qﬁasi-ZD systems
[C6H5(CH2)nNH3]2.CuBr4 with n = 1, 2 and 3. The single crystals of these compounds
were supplied by the chemistry department of Washington ‘State Univérsity. The

structure determination has been made by X-ray analysis on a Nicolet RM3 diffrac-
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tomete1“ at Washington State University. All three salts contain antiferro-distortive
layers of planér CuBr”, anions separated by the double layers of the C¢Hs(CH,),NH,*
cations. The arrangement for e;ach Cu* ion is ‘a'tetragonally elongated octahedral
arrangement. The structure of the n = 2 corripoundm] (is similar to that of
(CZHSNH3-)2CuC14.[43] The lairer arrangement is shown in fig. 13 . The details of
structures of then = 1 and n = 3 salts are not known yet, but some features need to be
noted. The lattice constants (A) area:b:c=10.558: 10.486 :63.473,7.654 :7.756 ‘
: 38.042 and 7.774 : 7.804 : 39.350 for n = 1, 2 and 3, respectively.* The in-plane
crystallographic axes for n = 1 are rotated by 45° with respect to'those for thg n=2
structure, doubling the size of the répeat unit within the layer. The length of the ¢ axis
is also doubled leading to a four layer repeat in that direction, so that adjacent layers
will not be structurally or magnetically equivalent. In all cases, the large interlayer
separation ensures the presence of weakly magnetic dipol’ar coupling between layers.
Magnetizations and susceptil.ajlitieS of these compounds are studied in this work.
Isothermal and rotational measurements on the single crystals are carried out. Initial
susceptibility of powder samples is also measured. Magnetization phase diagrams along
spin axes are obtained. It is shown that there is strong ferromagnetic ordering within
the layer and very weak ahti’ferromagnetic coupling between the layers in these com-
pou‘nds. Strong spin ansiotropy and comi)licated spin lordering are found. Along the
spin easy axis due to the antiferromagnetic 0rdering betw¢en the layer, the experimental
evidence for a possible existence of intemﬁediate phasé is given for the n = 1 and 2
compounds. Mean-field theory results are compared with the experimental results. It
is found that the exchange anisotropy of inteflayer is quite.di‘ffe‘rent from thét of .
intralayer. It is suggested , due to the resolution of experiments, that there is D-M

interaction within the layer. Thermodynamic analyses of the experimental results are
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.also presented. Scaling analysés are employed to study critical behavior of these

powdered compounds. It is seen from isothermal data near the transition temperature

that scaling hypothesis does not hold. Transition temperatura, exchange constants,

exchange anisotropies and critical exponent ¥ for theée compoimds are given in this
work. |
Experiments and Results
Magnetizationé and susceptibiliﬁes 0f4sing.le cryst;al [CeHsCH,NH;],CuBr,
The single crystals of [C;H;(CH,),NH,],CuBr, withn = 1, 2 and 3 in the form

of dark shiny non-hygroscépic plates were measured by a EG&G Model 155 Vibrating

Sample Magnetometer (VSM) with a Janis Variable-Tempera}Fure helium Cryostat
system. The approximate dimensions of the crystals are about 4.0 x 3.5 x 0.45 mm® ,
3.0x3.0x.0.35 mm* and 3.5x 2.0 x 0.35 mm® forn =1, 2 and 3, respectively. The
temperature was measured with a Lakeshore carbon-glass resis'tor mounted above the
sample and the temperature of the sample Was.c;ontrolled by ré gulating the rate of helium
gas flow and the heater current. By pumping on the sample chamber, the itemperature

of the helium gas in this cryostat can reach down to about 1.7 K. The Bell model 625

gaussmeter and Model X0Q4-0025 transverse flexible probe were used to measure the

applied field. The set-up was calibrated via the known saturation moment of nickel
obtained from the National Bureau of Standards. The systematicai error of the mag-
netization measurement from VSM was estjmated to be less than 5%. In the mea-
surements of the isothermal magnetization, ;hé system was given 8 seconds to come to
equilibrium while the interval of swept field, AH, was chosen to be less than 10()"Oe.‘
In the low temperature and low field regiéns, the wait-time between the data points had
to be set at leést 10 seconds when AH is chosen from '160 to 300 Oe.

Because of the relatively large magnitude of the magnetization for these
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compounds, the correctior; of demagnetization effect for the field is necessary. .The
demagnetization factor, z_i, along the ¢ axis ( perpeﬁdicular to the plane of plate ) and
in the plane of plate are estimated to be d. = 0.85, 0.84 and 0.82 and d,, = 0.075, 0.075
aﬁd 0.09 forn= 1, 2 and 3, respectively. These values have been calculated for a thin

3] with the areas of cross sections approximately equal to that of the

oblate spheroid
‘samples. Although the‘ correction is relatively insigniﬂc‘ant in the plane of the plate (less
than 1%), the correction made perpendicular to the platelet (i.e. the ¢ axis) amounts
to 20% fér tine field at the transition region. |

. For the n =1 compound, the isothermal magnetization was first measured with

an applied field perpendicular to the plate ( along the ¢ axis ). The field was swept from

250 Oe to 0 Oe. The results are shown in fig 14. No hysteresis was found. For tem-

pératures T > 2.6 K, the isotherms were found to be completely reversible. It is clear

from fig. 14 that there is a second order transition in the ¢ direction. At temperatures
below about 6 K , the slopes' of the isothermal magnetization vs. applied field slightly
_increase until the ﬁeld reaches to a critical f1e1d where the magneuzatlon starts to be

saturate. At this pomt the isothermal susceptlblhty has adiscontinuity. Attemperatures

above 6 K, in contrast, the isotherms exhibit slight rounding near the critical figld. This

is indicative of a continuous transition in which the critical field is determined in
principle by a point of inflection in the dM/dH vs. H curve. Full linear depeﬁdencewas
found at temperatures above approximately 15 K. It is noticeable th;t the departure
portions from linearity to saturation set in at very low field region, H, < 100 Oe. Thus,
one may conclude that if this second ordér transition would be mainly thought to be a
transition from spin-flop to paramagnetic phase, the spin preferred axis v;'lithin the
layer (due to z; strongly ferromagnetic coupling) is fhen along the ¢ axis. For conve-

nience, we may denote £ as one spin axis, élpng the ¢ axis. At temperatures below




S 88888888385

3D8<;B

3:8C>B

18KY% 'G)$.'L 3<

'*K'L D

18 3=8  ($&# ,.),!'&2,&$ 5(8 &-,. /', $1&H# /[, (K1, (L/$-&#
1$)+$% *8



102

around 6 K, however, the magnetization before the saturation is reached increases more
steeply with applied field than expected from the molecular field theory, and this
deviation from linearity has a natural explanation herein. Many antiferromagnets offer

[46-50]

this kind of nonlinearity of the perpéndicular magnetization. and various inter-

pretations have been suggested to explain this phenomena. De Jongh has given areview

of the possible origins of this deviation**

and concluded that it is caused by instabilities
inthe magnetic system near the thermodynamic critical field.*") A zero-point spin-wave
deviation,” a biquadratic exchange term in the Hamiltonian™, a crystal-field
approximation ( strong cubic potential and weak trigonal distortion )" and an effect
of spin canting***” also cause this behavior. _

With a field parallel to the surface of the plate ( the ab plane) a rotational
measurement of isothefmal magnetization at T =4.5 K was performed. By rdtating the
crystal along the ¢ ( £) axis with each étep of 5°, two distiﬁct directions in the plane of
plate have been seen. Fig. 15 shows the result of this measurement for the n = 1 crystal.
The magnetization along a direction away ‘from one of the crystal axes with an angle
of about 30° ( denoted as the ¥ axis in fig. 15) is found to be linearly dependent on
Hupto about 1000 Oe. Along the direction perpendicular to ¥ axis in the plane ( denotéd
the £ axis) the magnetization increases linearly up to about 200 Oe then increases rapidly
whefe the slope exhibits a "near" divergence. As the field rofates t(;ward the ¥ direction

in the piane, the slope of the isothermal magnetization gradually decreases as shown

in fig. 15. "There is no hystersis to be found in these orientation measurements. Fig.

16 shows the results of isothermal measurements along the £ axis at several different

temperatures. It is apparent.from fig. 16 that there is a critical field where the mag-
netization starts to rapidly and non-lineaﬂy increase ( S-form ). This threshold field

gradually decreases as temperature rises and it disappears as T reaches around 12.6 K.
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Although the slopé of the magnetization at critical field seems to be nearly divergent,
there is neither a discontinuity in the magnetizatibn nor a discontinuity in the slope of

the magnetization. If the £ axis actually is the easy axis, a second order transition may

be occuring in this direction. An intermediate phase, therefore, may exist in this case

since this phase does not produce a sharp.transition as in a first order AF-SF transition. -

It should be pointed out, according to this measurement result alone, that this transition
still can be argued to be a first order AF-SF transition for the following reason. If one

assumes that there is a weak antiferromagnetic exchange between the layers with the

"spin preferred (easy ) axis slightly out the xy (ab) plane, the transition ( S-form portion

of M vs. H)) is expected to be a first order AF-SF transition. The sma]l critical field,
H,~ 200 Oe, is mainly due to the srﬁall antiferromagnetic interlayér exchange. The
discontinuity in the isothermal inagnetization exaétly along;r the easy axis will be indeed
observed with taking into demagnetizing- effect account. |
Along the y axis, the result of the isothermal magnetization measurement fbr the
n =1 compound is shown in fig. 17 . The fneasufement was carried out with the field
swept from 5000 Oe to 0 Oe. This result reveals ferromagnetié behavior. In the high
field region, the magnetization slowly increases to reach the full saturation. It falls down
linearly as the field decreases in the low temperature and low field regions.
Upoﬁ closer inspection of the M vs. H curves ( fig. 18 ), it seems that there
is no apparent SF-PM phase transition in the ‘# direction. It can be suggestéd' that é
Dzyaloshinsky-Moriya (D-M) interaction is present within the layer. This high order
anisotropy is due to the antisymmet;ic part of the super-exchange tensor, which
desc.ribes the quadratic part of the interaction between two spins, and is of the form;
D i (E,. X EJ ) . The D-M constant vector D may be ( nearly ) pérpendicular to the £

direction and ( nearly ), aligned in yz plane ( rather close to y axis ). In this case, the
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SF-PM transition along £ axis is destroyed. Because of this effect of spin canting, only.
a SF-quasiparamagnetic phase transition would be expected which maﬁifests itself as
an inflection point in the susceptibility.®

Measurements of the low field susceptibility as a functibn of temperature were
carried out on the VSM with an applied field H = 50 Oe for a single crystal withn = 1. |

The results along the £ , ¥ and £ directions ﬁe shoWn in fig. 19. The very large sus-

ceptibility QBserVed along 7 axis s clearly indicative of a very substantial ferromagnetic
interaction and predicts. eventual ferromagnétic ordering along this direction. Along

the £ and ¥ directions, the data reflect weak antiferromagnetic behavior. It is clear
that this compound contains strong exchange anisotropies. The weak antiferromagnetic
moment along £ axis is the result of a weak antiferromagnetic interlayer exchénge.

This agrees with the results of the isothermal measuremeﬁts ( fig. 16 ). Because the
antisymmetric exchange vector D may ﬁot be perfectly aligned along the y axis and

because the exchax‘lge aﬁisotropy within the layer leads to the ¥ axis being hard axis,
as shown in fig. 18, weak antiferromagnetic behavior in this direction is expected to
be seen in the susceptfbility measurement. The large magnetic moment obtained along

Z axis, which remains essentially constant up to the transition temperature, indicates
that the anisotropy field due to the ferromagnetic intralayer exchange along this

direction is much bigger than that along y direction. The data of %, shown in fig. 19

also reflects the usual behavior of perpendicular susceptibility for an antiferromagnet.

Magnetizations and susceptibilities of single crystals [C;H 3(CH2),,NH3]2CuBr4 with
n=2and3’
The results of isothermal magnetization measurements show that the n = 2

compound has essentially the same magnetic behavior as that of the n = 1 compound.
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Fig 20 shows the results of isothermal measﬁrer'nents along the three axes. Thére isa
“small remnant magnetization at H =0 for the n = 2 compound, and a sﬁlall kink occurs
at abqut 300-Oe along ¥ axis. For then=3 compound, the magnetization behaves quite
differently from that of the- n =1 and 2 compounds in the plane of the plate. Fig. 21
shows the results of the rotational isothermal measurements in the ab ( xy ) plane for
n=3. There is no sharp first order or S-form transition to be found in the plane. Hdweyer, 2
along 7 axis the magnetization behaves similarly to that of the n = 1 and 2 compounds.
These results are shown in fig. 22. Furthénnore, the low field susceptibilities along the
t‘ﬁree axes also show that the mégnetic structure of this compound is similar to that of
n=1and?2 C(})mpounds‘, as showp in fig. 23
The fact that there is no sharp first order or S-form trans‘itibn to be observed in

the plane for the n = 3 compound may be explained by assuming' that the easy axis due
to the antifenomagnetic-aligmnent between the layers lies out of the plane of plate |
for this compound. I‘Jnlikev the n=1, and 2 compounds, the angle between the easy axis
and £ axis for n = 3 compound may be expected to be relatively large so that the AF-SF
transition eventually can not be seen within the plane. Thus, only a second order SF-PM )
or SF-QP phase transition can be observed in tlié x-y plane. It is int'ereﬁting that there
may exist a critical angle between the easy axis and £ axis. This critical angle charac-
terizes a maximum angle at which the AF-SF transition caﬁ occur. The values of the
critical angle. for several uniaxial antiferrémagnets have been célculated by using
mean-field theory.®*** For a simple uniaxial antiferromagnet, the critical angle o, at
T=0 ’K was found to be around K/J, where K and J are anisotrépyI and exchange
" constants, respectively. In our case, 1t is nontrivial to estimate the value of ol since the
systems are constructed by inter- and intralayer exchanges. The existence of strong

anisotropies due to both exchange and antisymmestric exchange results in the systems













































































































































































































































































































































































































