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SUStfART OF THE RESULTS 

In this thesis the results of neutron scattering experiments and mea
surements of the susceptibility on some compounds which display magnet
ic and/or structural phase transitions, are described. For the layered 
ferromagnets (CH3NH3 )2CuCL4 and (CD3ND3 )2СиС1ц the series of structural 
transitions was determined to be as follows. At high temperatures 
(T > 348 K) a tetragonal structure is found, which is transformed to an 
orthorhombic structure in the temperature region 348 К > T > 260 К and 
a monoclinic phase below 260 K. While in (CH3NH3)2MC14, with M * Fe, Mn 
and Cd a tetragonal phase is found between the orthorhombic and tetrag
onal phases, this is absent in the copper compound. The absence is ex
plained by the differences both in magnitude of the tetragonal distor
tion of the octrahedra of Cl~-ions surrounding the metal ions and the 
orientation of the tetragonal axes. 

The temperature at which the transition from the paramagnetic to the 
ferromagnetic state occurs has been determined, and a lowering of the 
crystallographic symmetry was found to occur at the same temperature in 
the case of the deuterated compound. The copper ions are displaced from 
the special position (0 0 0) to a general position (x у г). The dis
placements within a single layer чге correlated, but between different 
layers the correlation is incomplete. By means of susceptibility mea
surements the planar and axial anisotropy fields were obtained. Calcu
lations of the dipolar energy showed that these interactions account 
for the greater part of the measured anisotropy. In the two compounds 
(CH3NH3)2СиС1ц and (CD3ND3)2СиС1ц the direction of the easy axis has 
been determined to be along the unique axis and within the monoclinic 
plane, respectively. This difference is explained by a different dis
placement of the copper ions in the two compounds. Fy the calculations 
of the dipolar energy was demonstrated that minute displacements of the 
copper-ions cause the preferential direction of magnetization to rotate 
from the unique axis into the monoclinic plane. The space group below 
T for the deuterated compound was found to be Pa by these calcula
tions. 

The field- and temperature dependence of the spontaneous magnetization, 
which were determined in neutron diffraction experiments, have been 
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described by a spin wave theory, from which a value for the intra plane 
and inter plane exchange interaction constant was obtained (J/k = 19.3 К 
and J'/J « 10 -10 - 5). The high temperature susceptibility measurements 
for both compounds were shown to be on the same curve even close to 
T , as those of several other layered compounds, when plotted as a 
с 
function of J/kT. In the critical behaviour a crossover from two to 
three-dimensional behaviour has been found in the susceptibility mea
surements above T , while in the magnetization measurements below T a 

с с 
very low value of the exponent в was found, indicating an unresolved 
crossover. 
The correction for demagnetizing fields, which has to be performed on 
the susceptibilty data, is discussed. The seeding discrepancy which was 
found in the literature has been dealt with and a limiting value of the 
susceptibility given above which the correction for the demagnetizing 
field only should be employed. Finally, in the measurements of the 
staggered magnetization of the anisotropic antiferromagnet MnCl2.AH_0 
the onset of a crossover to four-dimensional behaviour was found. 
The equations describing the field-behaviour for a d-dimensional Ising 
antiferromagnet at T*0 К are analogous to the equations which describe 
the temperature behaviour of a system with a space-dimensionality of 
one higher. The magnetic field parameter in the former playing the role 
of the temperature parameter in the latter. 
The existence of a crossover at finite temperature has been discussed 
in the literature. Series expansion results were not conclusive for the 
3-dimensional Ising model. Our data indicated the existence of a cross
over at T > 0, but also showed that the series expansion results over
estimate the crossover temperature. 

KEYWORDS 

ANTI FERROMAOUET ISM 
COPPER COMPOUNDS 
CRITICAL FIELD 
CRITICAL TEMPERATURE 
DEMAGNETIZATION 
FERROMAGNETISM 

ISING MODEL 
LATTICE PARAMETERS 
MAGNETIC DIPOLES 
MAGNETIC PROPERTIES 
MAGNETIC. Kl'fUT.PTlHll.ITY 

MANGANESE COMPOUNDS 
NEUTRON DIFFRACTION 
PHASE DIAGRAMS 
PHASE TRANSFORMATIONS 
SPIN ORIENTATION 



- 9 -

CHAPTER 1 

INTRODUCTION 

In an early stage of the exploration of magnetic substances, it was 
discovered that the interactions between the elementary magnetic mo
ments depend strongly on the mutual distance and on the orientation 
with respect to the line joining their positions (eq- 1.). In this 
context we mention the dipolar force, which depends on the distance 
between the moments as r~3, and which may have quite a different effect 
in different configurations. Two magnetic moments which are placed 
parallel to each other in a head-to-tail configuration, experience an 
attractive dipolar force. However, when placed alongside each other, a 
repulsive force results. Another important interaction mechanism, the 
superexchange which depends on the overlap of the electronic wavefunc-

—a tions, has a dependence on the distance as strong as r , where a • 12 
for a bond where the three atoms involved in the interaction are col-
linear [2]. In crystals which contain magnetic atoms, the distances 
between nearest neighbours vary greatly and thus a large range of in
teraction parameters is found. For some materials, the nearest neigh
bour distances within the same crystal may even be different in differ
ent directions. To describe the large variety of compounds, model 
systems have been constructed [ 3J by asuming the interaction parameters 
to be equal in some directions, and to be zero for the remaining ones. 
In this way materials may be distinguished according to the number of 
directions (d) in which the magnetic interactions differ from zero. 
Examples have been found in nature for the models with d - 0 (isolated 
magnetic moments), e.g. Mn (ННЦ)2(50Ц).6Н20, d » 1 (chain structures), 
e.g. Cs.CoCl, d » 2 (layered compounds), e.g. К CuF , and d - 3, e.g. 
MnCl2.4H20- The number d will be referred to as the spatial dimension
ality of the model or physical system. 

As the magnetic interactions may differ in the three spatial dimen
sions, they may likewise be different for the three components of the 
moment. This may be caused by an anisotropy in the exchange mechanism, 
or the anisotropy may be due to the magnetic Ion of its own. The latter 
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may be the case when the ion is situated in the strong electric fields, 
which are present inside a crystal. For aany aagnetic atone these elec
tric crystal fields cause a splitting of the energy levels of the un
paired, so-called aagaetic, electrons. In this way one or nore compon-
ents of the spin angular momentum nay be favoured by the crystal 
fields. For nost of the compounds of 3d-transition aetals these fields 
also lead to quenching of the orbital momentum, and thus to make the 
•agnetic nonent and the spin angular momentum nearly соIlinear. This 
nechanisa nay lead to a reduction in the number of components of the 
spfn, which nay take part in the aagnetic interactions, or, in other 
words, to a reduction of the spin-dimensionality (n). This is included 
in the model systems mentioned above. Within each class characterised 
by a particular value of d, we distinguish three different cases accor
ding to the number n of components of the magnetic moment. As to the 
various possibilities for the spin- and spatial-dimensionality excel
lent examples can be found in nature. Within the class of chain struc
tures (d « 1) we mention for the Ising model (n « 1) CsCoCl3, the XT-
nod* 1 (n * 2) CsNiF3 and the Heisenberg model (n « 3) [ (Са^)4К][маС1э]. 

The various models play an important role in the development of the 
theory of magnetic phase transitions, and are easily generalized to be 
applicable also to other phase transitions. In these theories d and n 
are treated as real variables, which nay assume other values than those 
described above. Table l.l. gives some values which are frequently 
used. Those values of d or n which are underlined, are included because 
the models with these parameters are exactly soluble. With respect to 
the behaviour at the phase transition, if present, the models may be 
divided into three groups. In the first group one finds the models with 
n • 0, d » 0 ; n » l , d « l ; n - 2, d • 2, which do not display a phase 
transition at any non-sero temperature. In the second group, comprising 
models with d > 4, a transition is found and can be described exactly 
with a nean field theory. The last group also consists of models which 
undergo a phase transition at some finite temperature, but they show a 
critical behaviour around the transition, i.e. in the vicinity of the 
transition, fluctuations become so important that the mean field theory 
breaks down. 

In the Chapters 3 and 4 an investigation on the layered ferromagnets 
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d: O 

-2 (Gaussian) 1 (Ising) 2 (XY) 3 (Heisenberg) » (Spherical) 

Table 1.1. List of the different values of d (spatial dimensionality) 

and n (spin dimensionality), employed in the description of 

magnetic phase transitions by the most familiar theoretical 

model systems. The underlined values are included because 

they give rise to exactly soluble models. 
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(CH3NH3)2CuCl4 and (CD^D^CuCl^ Is described. In these materials the 
copper ions, which carry the magnetic moment, are more closely spaced 
in the ab-planes, and consequently the magnetic interactions in these 
planes are stronger (by about a factor of lCr) than those in the direc
tion perpendicular to these planes. Although the model, which suppos
edly Is the most appropriate one to describe these layered ferromagnets 
(d = 2, n = 3) does not have a transition to long-range order at a 
finite temperature, actually a transition to the ferromagnetic state is 
observed at T = 8.9 K. It has been argued that this long-range 3-d 
order is brought about by the presence of the much weaker interaction 
between adjacent Cu2+-layers. The weaker inter-layer Interaction be
comes more and more important as the stronger intra-layer interaction 
establishes a greater short-range order in the ab-planes when the tem
perature decreases. 

The investigation described In this thesis uses the neutron-scattering 
technique as a tool for unravelling problems in crystallographic and 
magnetic structure. As will be reviewed in Chapter 2, the neutrons are 
sensitive to both crystallograohic and magnetic properties of the scat
tered In the investigation of (СН3Ш3)2СиС1ц and (CD3ND3)2CuCl4 it 
will be shown that a crystallographic change influences the magnetic 
structure, evidence for which could be found in a single experiment. 
Also in Chapter 2 will be derived the qualitative different scattering 
patterns for scatterers which are approximated by models with different 
values of d, enabling a direct experimental verification of the applic
ability of a particular model for a particular crystal. Finally, in 
neutron-scattering experiments the behaviour of two distinct ordering 
patterns can be studied separately as will be done in the study of the 
anti ferromagnetic MnCl2.4H20. 

Chapter 5 presents a discussion and a calculation of demagnetizing and 
dipole fields. This discussion is included in order to determine which 
experimental field should be compared with the field parameter in the 
theory, and also to develop a correction method for the inhomogeneous 
fields in a sample. As a result of this inhoraogenelty, different parts 
of the sample will transform to the paramagnetic state at different 
applied fields, which leads to a broadened phase transition in the raw 
magnetization data. 
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The second part of this thesis is concerned with the transition from 
the antiferromagnetic to the paramagnetic phase in MnCl2.4H20, in the 
presence of a magnetic field applied perpendicular to the preferred 
direction of the magnetic moments. This investigation was prompted by 
the suggestion in the theoretical literature [4-5] that the equations, 
describing the transition in the d-dimensional Ising model in trans
verse field at T = 0, are analogous to those describing the phase tran
sition at H = 0, T = T of an Ising model with d' = d+1. This theory 
will be reviewed in chapter 6. In Chapter 7, finally, the correction 
procedure for inhomogeneous internal fields is applied to the measure
ments on MnCl2.4H20. The results on this manganese compound will be 
interpreted on the basis of the theory described in chapter 6. 

The text of the chapters 3, 4 and 7, in revised form, has been submit
ted or will be, for publication in the journals listed below. 
Chapter 3: Structural and magnetic phase transitions in the layered 

compound (С03Ы03)2СиС1ц. 
Steijger, J.J.M., Frikkee, E. and de Jongh, L.J. 
J. Magn. Magn. Mat. JL4 (1979) 152. 
Some structural properties of (CH3NH3)2СиС1ц and 
(С03ЫОз)2СиС1ц. 
Steijger, J.J.M., Frikkee, E., de Jongh, L.J. and Hulskamp, 
W.J. submitted to Physica. 

Chapter 4: On the magnetic behaviour of the layered ferromagnets 
(СН3Ш13)2СиС1ц and (CD3ND3 )2СиС1ц . 
Steijger, J.J.M., Frikkee, E., de Jongh, L.J. and Hulskamp, 
W.J. submitted to Physica. 
Magnetic ordering in the layered compound (CD3ND3)2CuCl4 
Steijger, J.J.M., Frikkee, E., de Jongh, L.J. and Hulskamp, 
W.J. presented at the Yamada Conference VI, Hakone, Japan, 
September 1-4, 1982; the proceedings of this conference will 
be published in РЬуз!са В. 

Chapter 7: Crossover in the critical behaviour of the Ising anti-ferro-
magnet MnCl2.4H20 in transverse field. 
Steijger, J.J.M., Frikkee, E., de Jongh, L.J. and Hulskamp, 
W.J. presented at the ICM-82 conference, Kyoto, Japan, 
September 6-10, 1982; the proceedings of this conference 
will be published in J. Magn. Magn. Mat. 
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CHAPTER 2 

EXPERIMENTAL 

2.1. Theory of thermal neutron scattering 

Most of the experiments described in this thesis were performed by 

means of neutron scattering techniques. These techniques have proven to 

be particularly useful in the study of the properties of condensed 

matter, to which field the present investigation belongs. Neutron scat

tering has become one of the most powerful methodb in solid state 

physics, because the neutron has the following properties, 

i) Because they are electrically neutral, in most cases neutroas 

easily penetrate samples with a thickness of 1-10 mm, and are 

therefore sensitive to processes which take place in a large 

volume of the material under study. 

11) The wavelengths of thermal neutrons are of the same order of mag

nitude as the interatomic distances. This property assures the 

presence of strong interference effects between interactions with 

several atoms, and thus opens the possibility to study the struc

tural properties of the scattering materials, 

ill) The neutron has a magnetic moment, which interacts with the mag

netic moments within the sample. It is for this reason that neu

tron scattering may be used to determine both crystallographic 

structures, and magnetic structures in a single experiment. 

iv) The energy of thermal neutrons, E ~ 5-100 meV (0.8 - 16 x 10~21J) 
n 

is of the same order of magnitude as that of several kinds of 

excitations in solids (e.g. phonons, spin-waves, crystal-field 

splitings, etc.). Thus, when one analyses the energy of the scat

tered neutrons, information on these excitations can be extracted 

frori the scattering experiment. 

The properties i) through ill) are used in our experiments, and will be 

discussed shortly in this section, which is organized as follows. After 

some introductory remarks concerning the derivation of cross sections 

for neutron scattering, the cross section for nuclear scattering will 



- 16 -

be presented. The next subject will be the derivation of magnetic cross 

sections, and finally a discussion of the nuclear and magnetic struc

ture factors in the cross section will be given. 

The state of a neutron, propagating with a linear momentum £ will be 

described by a plane wave, exp(i _k«£), with a wave vector k. given by 

к = ti-1£, where tl = h/2rt, and h is the symbol for Planck's constant. 
This wave function, however, is not complete since it does not describe 

the neutron spin. To account for the spin angular momentum we multiply 

the function exp(i k_.jr) with ф(£), thereby assuming implicitly that the 
spin part and the spatial part of the wave function are completely 

independent. To normalize the wave function we enclose the experiment 

in a box of volume V, and require that the probability of finding the 

neutron within that volume equals 1, hence 

I k, £ > = V~1/2 exp(i k.£) Ф(£) (2.1.) 

In a scattering experiment, the state of the incoming neutron is 

perturbed by a potential V(_r,t), which is due to the presence of the 

scatterer. Let the scatterer be in the state described by the quantum 

numbers n before the scattering of the neutron, and by n' afterwards. 

The probability W of the transition from the initial state n , к, о > 
. I s - -

with energy E to the final state n', k/, <** > is then given by 
Fermi's golden rule [e.g. l] 

W - (2*/tl) j <n«, k',0') V )ns, k, £ > Y Pk. (E) (2.2.) 

Here p., (E) is the density of final states with energy E' for which 

the condition E' - E holds. Because our experiments involve only 

elastic scattering, and thus do not change the state of the scatterer, 

we arrive at the following expression, which is much simpler to evalu

ate: 

W - (2ir/T0 I - n , k', £' | V |ng, k, £ > ,(E) (2.3.) 

The density of states p, , (E) may be derived in the following way. Let 

n , be the number of states with momentum between £' and £' + d£(. 

Then since each state occupies a volume h3 in phase space 
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n . - (l/h3) . V . dp' - (l/h3)V(p')2 dp'dfl (2.4.) 

where dft is the solid angle Into which the neutron is scattered. 

Using the relations 

E - E' = (i-')2/2m 

dp' = (dp'/dE) . dE 

£ = hk (2.5.) 

we arrive at 

n - p, , (E) dE - (l/2irft)3 V tvk'm dfl dE (2.6.) 
p' It' 

The density of the incoming neutrons is equal to V~l, due to the nor

malization of the neutron wave function. The incoming flux Ф is the 
number of neutrons crossing a unit area per unit time, and therefore, 
equals the velocity v = tik/m multiplied by the neutron density 

• = (t>k/m) • V"1 (2.7.) 

Finally, the differential cross section do for scattering into a 
solid angle dft can be calculated according to 

do - W dSi/Ф (2.8.) 

with the result 

do/dfi - (k'/k)(m/27rh2)2 V2|< ng, к', о»| V |ng, k, £, > I2 (2.9.) 

For elastic scattering the factor k'/k equals 1 and can be discarded. 

Eq. (2.9.) is a central formula in the derivation of the nuclear and 

magnetic scattering cross section, and will be used in the following 

subsections. 

2.1^1. Nuclear scattering 

In this subsection, first the scattering from a single, splnless nuc

leus will be discussed, and then scattering from an assembly of many 

nuclei. Because the wavelength of thermal neutrons (of order 

1A (10~10 m)) is much larger than the radius of a nucleus (of order 
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10-1' m), the scattering is isotropic. There is no quantitatively reli
able theory of the strong interaction between a nucleus with many nuc-
leons, and a neutron. Therefore, a pseudo-potential has to be employed 
for the description of the scattering process. This potential must have 
the property that the cross section calculated from eq. (2.9.) is 
isotropic, which is the case for the delta function [2J 

V « б (£ - R) (2.10.) 

Herein _r is the position of the neutron, and R̂  that of the nucleus. 

The matrix element < _k* | V |ik > becomes in this case: 

< k'| V |к > = V"1 ƒ d£ exp(-i к' .г) С 5(r-R) exp(i k.£) -

- V"1 С exp{i(k-k') . R} (2.11.) 

Herein С is the conscant of proportionality between V and the delta-
function. The cross section may be calculated by inserting eq. (2.11.) 
in eq. (2.8.), but takes an extremely simple form if С is set equal to 
b . (2irh2/m) with the result (the nucleus is taken to be at R = 0) 

do/dfi = | b |2 (2.12.) 

The parameter b describes the strength of the interaction between the 
neutron and the nucleus. A dimensional analysis of the constant С re
sults in the assignment of the dimension of length to b, hence its name 
scattering length. The result (2.12.) is valid only in the case of 
elastic scattering, when no energy is transferred to the nucleus. Thus 
the nucleus has to be fixed at 11, otherwise the transfer of momentum in 
the collision will cause a transfer of energy. 
The scattering length may be a complex number, in which case the poten
tial Ф gives rise to both elastic scattering, with a cross section 
proportional to b 2, and a cross section for true absorption, which is 
proportional to Im(b). A more detailed discussion of this topic can be 
found in refs. [2-4]. The scattering length is a function of the iso
tope and nuclear spin (orientation). 

Next we turn to the discussion of the scattering from a regular array 
of atoms, as is the case in a real crystal. The position of a nucleus 
in the crystal is given by R. , where A specifies the unit cell, and j 
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runs over the nuclei within a unit cell. The scattering length b 

depends on the isotope (i) and the orientation of the nuclear spin 

(s) of the atomic nucleus. Let p be the probability of finding the 

i isotope of the nucleus of species j, and p . the probability to 
s» J 

find the nuclear spin in an orientation given by s. Clearly, the 
relation £, p, . p . • 1 holds, and the scattering length b.. is then 

si *ij rsj ji 
given by the distribution 

b j , * psj Pij bs,i,j,fc 
(2.13.) 

The scattering potential V can be expressed as 

f = ]t
 [h psj ри Vt.j.*3 • (™2/ш) • e < s - v (2.14.) 

This potential leaves the isotope distribution and the distribution 
over the spin orientations unaffected so that these only contribute via 
the dependence of b on s and i. Insertion of eq. (2.14.) in 
eq. (2.9.) leads to the result 

do/dü ш ï
J J ( ï J ' . j ' u b . . i . j . i ) " p { 1 ^ , ) - V (2.15.) 

The calculation of the sum proceeds, after the introduction of the 

scattering vector к_ • Jc-k/, as follows 

d0/d"" ),yl,vl,s<zt,i' PsJ Pl j V j * P i , j' b*8'i«j'£ ^ ' ^ ' J ' ' * ' 
exp{i K..(R j4, - Rj£)} -

^.^.^v- exp{i-(^*' - v + ], 5 A (2Л6.) 

The prime in the first sums indicates the deletion of the term with j • 
У, and I • 4', respectively. If we Include these terms again then the 
expression (2.16.) will simplify to 

* 
do/dfi 

* j ' 
I I b* J J * - E J* 

b |2 

- (da/dfi) . + (do/dfl), 
coh incoh 

(2.17.) 
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The first term on the right-hand side of this equation is the coherent 

scattering cross section, which contains the structural information. 

The second term is the cross section for incoherent scattering, which 

contains information on the fluctuations cf the scattering length at 

equivalent sites in the crystal. In our case it contributes only to the 

background, but it is the important term in, for instance, the study of 

the short-range order or clustering in alloys. The expression for the 

coherent cross section will be discussed further in section 2.1.3. 

2.1.2. Magnetic neutron-scattering 

As in the preceding subsection, we begin by choosing an operator V(0 

which describes the interaction between a neutron and the magnetic 

moment of an atom, by which it may be scattered. The magnetic inter

action can be simplified by taking into account the following experi

mental circumstances. Firstly, we use a beam of unpolarized neutrons 

and, secondly, in the crystals to be studied the magnetic moment is 

almost completely due to the spin angular momentum of the unpaired 

electrons, the orbital momentum being quenched or absent. Furthermore, 

the interaction between the magnetic moment of the neutron and the 

magnetic moments of the electrons is so weak that it will not break the 

Russel-Saunders coupling between the electron spins within an atom. The 

interaction V is therefore proportional to the total spin S. 

The interaction potential is described by [2] 

V(£) = -£ . H(£) (2.18.) 

Here H is the field produced by the magnetic atom and u_ is the mag

netic moment of the neutron at position £, which is equal to 

M. - УР^Д (2.19.) 

In eq. (2.19.) у is the gyroraagnetic ratio of the neutron (Y • 1-91 
[2]), u the nuclear Bohr magneton (u - 5.0505 x 10~2Ц erg/Oe -
5.0505 x 10"27 J/T [з]), and a_ the neutron spin operator. The magnetic 
field H(r) at a distance r from a dipole gu^5 is given by eq. (2.20.) 
according to the classical theory of electromagnetism. 
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H(£) = V x{(-gUftS) x £/| jr |
3} (2.20.) 

Here g is the spectroscopic splitting factor for the atom, u the Bohr 

magneton (v. - 9.2732 x ю - 2 1 erg/Oe [З] - 9.2732 x Ю" 2 Ц J/T). For an В 
atom at position It, the distance jr to the neutron at £' equals £ « 
r' - R, the following formulae [2] may be used to calculate the matrix 

element < к',a', n'I V |k,o,n, >: — — s i i 

r/l r I3 = -V . (1/1 r I) 

1/1 r I = — . ƒ d3q -1— exp(i q.r) (2.21.) 

'-' 2*2 \tf 
From eqs. (2.18.) through (2.21.) follows the expression for V(r*) 

V(r/) - (gTUNMB)/a • {V x (£ x 7)}(l/2Tr2)(l/|q|2)exp{i£.(r'-R)}d3£ 

(2.22.) 

By applying the definition (2.23.) for the б-function for the three 
components of <̂  [l] 

да 
e< v « > - is-' exp i* r; < v x > K <2-23-> 

We find for the matrix element of V: 

* ^''"g'f-'l V fe'V- > " < ng»£' | (l/V)(gYMNPB)/exp(-i k'.£') 

M l M S ^ i ) ! . - ~ . ~ — . expfi q_ . (r'-R)}exp(i k.r') 
2ÏÏ^ q К 

d3q_ d3£' | n ,a_ > -

(gYu u„)4ir < n',a' I exp(i <.R) . a • IK x (S x <)) I n ,<j > (2.24.) 

The vector £ is the unit vector in the direction of £ - k-Jc'. 

This formula supposes that the neutrons are scattered by point like 

magnetic moments. However, the magnetic moment of a transition metal 

atom is spread out over a region of space, having a diameter of 

~ 1.5 A. This is roughly equal to the wavelength of thermal neutrons. 
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Therefore, the factor exp(i £_»Ю needs some modification. The total 
spin of the atom is described by a distribution of spin-density 
s(r ) • S for which the normalization -3d -

ƒ s(r3d) d
3r 3 d = 1 (2.25.) 

vat 

holds where v is the volume of the atom, and r the position of the 
at -3d 

unpaired 3d-electron within that volume. The factor exp(i £-R) is 

modified by writing R • R' + г , and integrating over the volume of 
3d 

the atom. R' is the position of the 'center of mass' of the distribu
tion s. Now we shall define 

f(jc) = ƒ exp(i 1-I3d)s(r3d)dr3d (2.26.) 
vat 

Then eq. (2 .24 . ) can be expressed as 

< n
s »£ , »^. ' | v | n »£.•* > * < « ' » £ ' | 4*(gYWNPB/V)f(<.) exp(if_.R*) 

MiMS"! )} | n >i ; (2.27.) 

The factor f(*_) in this expression is the so-called form factor of the 

magnetic atom. In view of the normalization (2.25.) this function will 

be equal to 1 at к_ « 0. The cross section for scattering of a neutron 
with spin £ from the atom with total spin S^ is calculated by inserting 

eq. (2.27.) in eq. (2.9.) with the result: 

do/dn - (e2y/m c 2 ) 2 . (g/2)2 . I f (к) I2 
e 

< ng»o.' |£ • {<. * (f. x <)} I nfi (2.28.) 

In eq. (2.28.) m represents the electron mass and с the velocity of e 
light. In arriving at eq. (2.28.) we used the identities 

u - et»/2m с N p 

M_ " eV2m с o e 

mp - mn (2.29.) 
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where • and a are the proton and neutron mass, respectively, 
p n 

The factor | n', o* | £ . [7 x (£ x £)} | n ^ - |2 in eq. (2.28.) 

contains the effect of the scattering of the neutron on the scatter-

er through the operator ]>, and the effect of the scattering on the 

neutron beaa through the operator a_. When using an unpolarized beam, 

this last effect is expected to give rise to a siaple factor, which «ay 

be calculated by performing the sua over all possible combinations of £ 

and o'. The definition of 

Ел ж 1 x (£ x 1) ж £(£•!> - 1<1-I> (2-30.) 

may be introduced to siaplify the formulae, which read *s follows 

K
 PO PO. £ | £ • \ | £' > £' | £ • 1х | £ -

aa* — — 

Z p Z < a I o* 3B S" s M о (2.31.) 
*o „ _ I — — —i —i I — 

a_ — uP 

In eq. (2.31.) о and 8 stand for the cartesian coordinate directions. 
The sua over o_' is performed using the closure relation. In the case of 
non-polarized neutrons the identity 

I p < о I 5° oB I о > « 6 „ (2.32.) r0 — I — I — O0 о — 

holds, which leads to the expression for the cross section for the 
scattering of non-polarized neutrons froa a single atoaic aoaent ac
cording to: 

2 
do/dfl - (e^/m c2) . (g/2)2 I f(ic) I Z - n I j£ I n' 

e ' ~ ' _ s ' ~1 ' s 
a 

< n' I S,a I n , (2.33.) 
s ' —1 • s 

This formula will be employed in the derivation of the cross section 

for scattering from a magnetic crystal. In eq. (2.33.) the factor 

I exp(i </R/) I2 is left out because it is equal to I, but in the case 

of scattering from a crystal we have to insert it again, because (vide 

infra) the sum over all atomic moments must be evaluated before the 
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absolute value is calculated. 

The potential in the esse of scattering fron a crystal is calculated 

froe the single-atom potential (2.18.). in a way analogous to that used 

in the case of nuclear scattering: 

V(r) - t - u.H (r-R,,) (2.34.) 

- j J* 

The sun over j and I is the sum over the positions R_ of the atonic 
J* 

moments, and £ - R is the distance from the moment at R to the 
J* J^ 

neutron at position £. The expression for the differential cross 

section do/dQ any be calculated in very such the same way as eq. (2.33.) 

was derived. The result is 

do/dO - (е2т/в c 2 ) 2 (g/2)2 Z Z f (r) f* (r) . 

«rfii-CIjI-Ij.g.)} • I ,„• Pn Pn. r J s s s s 

l o l ? * I •' - •' I f I» (2.35.) 
* s I ̂ Ljt • s s • -lj* I s 

This foraula shows the aost iaportant properties of neutron-scattering. 
The last factor on the right-hand side of eq. (2.35.) contains inforaa-
tion on the correlation of the spins at different sites. The factor 
expfi r.(R t - R.,,,)} contains the structural information. Eq. (2.35.) 
also reflects the iaportant circumstance that the strength of the 
magnetic scattering is coaparable to that of the nuclear scattering. 
The last statement may be elucidated by comparing eq. (2.35.) to 
eq. (2.16.). For small r, f(*) 2 is of the order I, as was already 
explained above. In a completely ordered spin system, the last factor 
in eq. (2.35.) is of the order of S2. Л comparison of the cross sec
tions of nuclear and magnetic scattering is made by comparing |b|2 of 
eq. (2.16.) with (Vr/a c 2 ) 2 . (g/2)2 . S2 of eq. (2.35.). Inserting 
the values of b [ 5] and S for Mn leads to the following results: 
do/dfl • 0.14 I «xp(i !•* ) | 2 for the nuclear scattering and do/dO -

1 3* I, J* ' 
Z exp(i I** ) | for the aagnetic scattering. The corresponding 

coefficients of Cu amount to 0.59 and 0.08, respectively. These exam
ples are representative of many of the transition metal ions, and 
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justify the third statement in introduction to this chapter. The units 
of the numerical factors are barns/steradian (= 10-2t* cm2/steradian). 

As an example we calculate from eq. (2.35.) the scattering from a para
magnetic crystal. In this case 

П , p p , < n I S. ... , I n >< n I S. ! n > n n' *n *n' s1 —114' I s' s* ' —Ljl l s s s s s 
is evaluated by performing the sum over n' by closure and the relation 

Z p E < n I S°V & I n > = S(S+1), ns
 Fns ctf s' -j* -jt ! s 

for У - j and i' = I, while for j' * j and/or Г П 

Z P ïe < n S", S1:,,, n > - 0. 
n *n ag s' —j£ -j'£' < s 
s s 

However, in eq. (2.35.) we find the operator S = Ŝ  - £(£«Sy 

(see eq.(2.30.)) instead of S. In the ideal paramagnet, each spin takes 

every orientation in the course of time without any preference or, 

equivalently, every orientation appears in an assembly of spins, so 

that the time average <Sy equals the ensemble average <S> = 0 . This 
— t Пд 

implies that the time average due to any one component of the operator 
j)2 equals 1/3 S(S+1). For the operator j> , which is equivalent to only 
two components of S, the average <S.S> (• <S..S> ) thus equals 2/3 

— —1—J. t —1 1 Пд 
S(S+1). Insertion of these formulae in eq. (2.35.) leads to 

(do/dfi) = (e2Y/m c 2) 2 (g/2)2 I I f (к) I2 2/3 S(S+1) 
paramagnet e .. I j — I 

J (2.36.) 

and only incoherent scattering results. However, if correlations 
between spin components develop, a coherent cross section will appear 
in tti3 same way as was the case in eq. (2.17.). The phase factor 
Z exp(i £.11 .) plays an important role in the expressions (2.16.) 

1 a j* ' 
and (2.35.), and therefore we discuss it in the next subsection. 

2.1.3. The phas2 factor 

Since the same phase factors appear in eqs. (2.16.) and (2.35.), we 

discuss only the simpler case of coherent nuclear scattering in eq. 

(2.16.) in what follows. The factor b.„ in this subsection will thus 

denote either the nuclear scattering length or the factor (e2y/m c2) 
e 

(g/2) f.(£) < S. .. > , a sort of magnetic scattering length. We will 
J ••• J* n 8 
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study three cases with decreasing dimensionality of magnetic order. 

In the first one the atoms are arranged in a perfect three-dimensional 

(3-d) array. Next, we will allow spatial disorder in one and two dimen

sions. 

3-d order 

The position of an atom identified by the numbers j and I is given by 
th 

R,e • r. + R0, where r. denotes the position of the j atom within 
~* thj ~~j the I unit cell, and R„ the position of the origin of that unit cell. —* 
The coherent part of eq. (2.16.) reads in this case: 

(da/dfl) = I £ b, exp(i ic.rj exp(i tc.R ) I2 
coh | .£ j J 1 (2.37.) 

Because the sums over j and i are independent we may write 

(dff/dfi) 
coh 

I b exp(i <_•£.) Z exp(i K_.R ) (2.38.) 

The last factor is of order N, the number of unit cells in the sample, 

if <_.£ = 2?rn with n an integer of all t, and of order 1 when K_.R does 

not satisfy this condition. For a regular 3-d array, therefore, tbe 

coherent cross section is limited to a lattice of points in «-space 

with the restriction K_.R_ • 2itn. By definition of the reciprocal lattice 

vectors a* = b x c/V ,,, b* = e x a/V ,,, and c* • a x b/V ,, this 
— — — cell — — cell — — cell 

condition becomes (т.,„ = h a* + к b* + А с* with h, к and I integers) 
—пкл — — 

2" T L, „ —hk£ (2.39.) 

The first factor on the right-hand side of eq. (2.38.) describes the 

scattering from a single unit cell, and contains information of the 

arrangement of atoms within the cell. For this reason it is called the 

structure factor I F(jO 2. 

2-d order 

Next we study a system with order in only two dimensions, and disorder 

in the third (the z-) direction. The disorder may be caused by a dis

order in the positions of the atoms R or in the scattering length 
J* 

b.£, which may be of nuclear or magnetic origin. In this case we use 
the full expression of eq. (2.16.), but give the indices in the z-
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direction separately: R • r + R Eq. (2.16.) then reads 
J* j » * z ~ * » * z 

do/dfl = | Z П b exp(i к jr ) exp(i K.R ) I2 ( 2 . 4 0 . ) 
I I £ i J**' z 3' z "*' z I 

z 

and different cases may be distinguished. We will study two extremes, 

i) the disorder is due only to disorder in the positions of the atoms, 

and ii) the disorder is only due to the factor b. . . , as is, for 
J»* >*z 

instance, the case in an ideal 2-d magnet where the moments are ordered 

in two directions but no correlation is present in the third. 

In the case of positional disorder, we may again di cinguish between 

two different situations. In the first, a number of identical layers is 

stacked randomly, i.e. r_ is only dependent on j and R^ may be 

written as R. . = I a + I b + R„ . The sum in eq. (2.50.) may be 
-£,£ x - y - —lz ^ J 

separated in 3 independent sums. 

I Z exp(i K^.R ) Z expfi jc . (I a_ + I b)| I b. exp(i *.•£.) I2 

I I ~*z t I X У j J J I 
Z X У (2.41.) 

The last factor in eq. (2.41.) is again the structure factor j $(<_) j2. 
The second sum imposes on к_, which we will write as к -
2ir(h a* + k _b* + % c*) the following condition, analogous to the last 
factor of eq. (2.38.), that 

h, k integer; l free (2.42.) 

The vectors a* and b* are chosen to satisfy the relations a*.a * 
b*«t> = l, a*.t> - b*«a_ - 0. The vector c* is an arbitrary vector perpen
dicular to both £ and t>. In the first factor of eq. (2.41.), finally, 
we write R. as R. •» xa + у b + z c, where x, у and z depend on the 

z z value of Hz, and £ is the vector defined by: £•£* • £•]>* * 0, 
c _ . c * - l . X , y and z may be interpreted as the coordinates of the 

origin of layer % with respect to that of layer 0. For x=y»0, z Я l 
the 3-d array is recovered and the first term is of order N , the num
ber of layers, when I is an integer, and of order I otherwise. Thus 
the condition (2.39.) has been found again. For arbitrary values of x, 
у and z the first term is of order 1 for all values of % in the expres
sion for к_ (̂  • h a* + k b_* + 9. c*). The scattering from randomly 
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stacked layers is seen to be along lines in reciprocal space, perpen
dicular to the layers. The factor Z exp(i jc.R ) 2 in eq. (2.41.) 

I l z z I 
contains the information on the order in the stacking. 
The second source of positional disorder is т . In this case the 

J» z crystal may be described as consisting of a 3-d array of unit cells, 
in which (some of) the atoms occupy different positions in different 
layers. It can be shown by writing r. t = г . + Д г , e and including 

~J» z ~~J ~ ~ z the factor exp(i к.Д r . ) in b , that this type of positional dis-
~~ ^ г order is equivalent to the disorder brought about by the scattering 

length b . , when this is different in different layers. 
J' z 

The deviation of the effect of disorder in the scattering lengths 
starts with a regrouping of the terms in eq. (2.16.) 

do/dfi » I Z b. e . exp(i K.R.) exp(i ic.i с) 
J' z 

Z exp{i к . (t £ + 4 _b)}|2 (2.43.) 

x у 
The sum over I and £ leads to the condition (2.42.) as is already 

shown above. The sum over I can be separated out by writing b, = 
_ z J» > . 
b.. Д b, . with the result 
J J»*z 

I Z b exp(i к_,т_ ) exp(i к_Л с) I2 = I Z {b, . exp(i <.r,) . 

Z Л b exp(i ic.i c)} I2 (2.44.) 
% J*z " г - | z 

The sum over Я in this expression contains the information on the z 
order or disorder in the b . -values. For a completely ordered system 
Д b. „ = 1 and the sum over I adds the condition to the condition 

J»*z z 

(2.42.) that I must be chosen from the integer numbers and thus the 
results of the 3-d ordered arrangements are recovered. For a completely 
disordered system, the sum over i will be of order unity for all 
values of t, and the crystal will scatter the neutrons in such a way 
that the end points of the scattering vectors will make up lines in 
reciprocal space perpendicular to the layers. 
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1-d order 

We will not derive the scattering patterns in this case, because the 

derivations are just like those in the 2-d ordered case. The result is 

that the scattering from an assembly of chains piled up at random, is 

concentrated in planes in reciprocal space, perpendicular to the chain 

direction. 

The clear-cut differences between the scattering patterns from crystals 

with different spatial dimensionalities make neutron scattering an im

portant tool in the study of the physical approximations to the lower 

dimensional magnetic model systems. By observing the pattern of the 

scattering, the spatial dimensionality can be determined directly, and 

need not be deduced from the behaviour of some physical quantity. 

2.2. The neutron diffTactometer 

Tn this section a short description will be given of the neutron dif-

fractometer placed in front of beamhole HB3 of the High Flux Reactor in 

Petten. The horizontal neutron beam from the reactor is collimated in 

the horizontal plane to a = 30', and scattered from the (00£) planes 
о 

of a Zn-single crystal in a Laue arrangement. A diffracted beam at 
scattering angle 20 = 34.74 degrees is brought outside the shielding 

M 
around the monochromator, and collimated to 30' both in the horizon
tal and vertical directions. This beam is diffracted by the sample, 
which can be rotated around a vertical axis (ф-movement). The diffrac
ted beam passes through a 30' horizontal collimator and is finally 
intercepted by a 3He-detector. The detector-collimator assembly can be 
rotated around a second axis (ф-movement) which is concentric with the 
ф-axis. Both the ф- and the ф-angle can be set with an accuracy of 2.16 
minutes of arc (2.16' * 10"1* * 360°). The crystal can be rotated through 
the full circle, while the ф-movement '• restricted to a maximum of 
97.2 degrees from the undiffracted beam. A sketch of the instrument is 
given in fig. 2.1. 
To reduce the effect of the reactor power variations, a monitor detec
tor of the fission-chamber type is placed in the incoming, monochromat
ic beam. The electronic counting channel for the 3He-detector is open
ed, not for a certain time interval, but for the time in which a preset 
number of monitor counts is collected. The spectrometer settings, 
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Fig. 2.1. Schematic sketch of the neutron diffractometer at HB3. 
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temperature readings, counting and magnetic field is under control of a 
Honeywell P9205 mini-computer, which stores the collected data on a 
magnetic tape. This tape is read by the CDC-computer of the ENR in 
Petten, which machine performs all further analyses. 

To characterize the incoming monochromatic beam, a Ni-powder diffracto-
gram has been measured. The measured profiles of the reflections have 
been fitted to a gaussian to obtain position, width and integrated 
intensity of the peaks. From the lattice constant (a = 3.5238 A) of 
the fcc-crystals of nickel [б], the values of т I, the distance of 

J 1-hUl 
the reflection (h к A) from the origin in reciprocal space, could be 
determined for the measured peaks. By fitting the parameters 0 and к 

о 
in the Bragg-relation 

k = i K J /8in<°hu-V (2-45-> 
to give consistent results for each reflection (hk£), the misalignment 
0 of the beam and the zero-point in the ф-scale, and the wavelength 
X(= 1/k) could be determined. We obtained the values 

X - 1.478(1) % 

0 - 0.03(1) degrees (2.46.) 

This procedure is repeated at regular intervals to take account of pos
sible minor changes in the diffTactometer alignment. 

The Ni-diagram, however, contains more peaks than the five reflections 
anticipated for this wavelength and ф-ranga. These extra реакз are due 
to contamination of the beam with neutrons of wavelengths other than 
X -1.478 X. In the raonochromatizing procedure we utilized the (OOfc) 
Laue reflections of a Zn-single crystal, and thus expect different 
wavelengths in the beam, one for each value of i . For Increasing I the 
wavelength decreases, and the contribution to the total intensity in 
the diffracted beam is diminished according to the Maxwell distribution 
which describes approximately the wavelength spectrum of the neutrons 
from the reactor. Furthermore, in the case of a hep-crystal like that 
of Zn, odd values of Л have a zero structure factor, and accordingly do 
not contribute to the Laue spot. Our monochromator crystal, however, 
has been used for many years, hence many dislocations have been formed 
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hkA 

i l l 

200 

220 

311 

222 

0 

21.30 

24.80 

36.38 

44.06 

46.57 

I 
meas 

747111 

440900 

494096 

806152 

246734 

j 

8 

6 

12 

24 

8 

1 / ï n i meas 111 

1 

0.59 

0.66 

1.08 

0.33 

1 i / I , i i calc 111 

i 

0.58 

0.65 

1.06 

0.31 

Table 2.1. Comparison between measured and calculated intensity ratio's 

I(hki)/I(lll) using eq. (2.47.) 

hk£ I(X/2)/l(X) I(2X/3)/I(X) I (X/2)/l (X) I (2X/3)/I (X) 
о о о о 

111 

200 

220 

0.0746 

0.0688 

0.0615 

0.0290 

0.0287 

0.0275 

mean: 

0.157 

0.148 

0.146 

0.150(5) 

0.060 

0.061 

0.060 

0.060 

Table 2.2. Determination of the relative intensities of the X/2 and 
2X/3 components of the 'monochromatic' neutron beam 
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Fig. 2.2. Artist's view of the cryostat, showing the relative positions 
of the helium-сап, magnet and sample space. 
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by radiation damage. This gives deviations from the hep-structure, and 
odd values of I may have non-гего structure factors. The main reflec
tion contributing to the spot is the (002) reflection, which adds the 
component with wavelength X. In the Ni-diagram also components with 
wavelengths 2X/3 and X/2 were found, which are due to the (003) and 
(004) reflections of the monochromator crystal, respectively. Shorter 
wavelengths were found to be absent within experimental uncertainty, 
while the longer wavelength 2X, which may be due to the (001) reflec
tion, gives rise to peak? with scattering angle ф > 97 degrees, and 
thus could not be determined. 

To calculate the contribution to the beam of the components with dif
ferent X we use the formula for the reflectivity, given by Bacon [з] in 
a simplified form 

I(hk£) « I (X) . X3 - j . I F |2/sin 9 . sin 20 
о hk£ I hki I hki hk£ 

(2.47.) 

Here, I(hk£) is the measured intensity of the reflection (hk£). 

I (X) the intensity of the component with wavelength X in the incoming 

beam, and j . the multiplicity of the reflection (hki). The validity 

of the method to obtain the integrated intensity is ascertained by 

the comparison of [l(hk*)/I(lll)l , and [l(hkA)/I(lll)l in 
calc *meas 

table 2.1. In table 2.2., finally, we employed eq. (2.47.) to calcu

late the relative intensities I (X/2)/I (X) and I (2X/3)/I (X) in the 

incoming beam. From these numbers it is clear that care must be taken 

to measure the (2h, 2k, 29.) reflection along with the (hki) reflection 

to correct for the contribution of second order reflection, especially 

when the two reflections have a different temperature or field behav

iour. 

2.3. The cryoetat, temperature measurement and control 

The neutron-diffraction measurements described in the present thesis 

are performed in a cryoetat built by Oxford instruments. Fig. 2.2. 

shows the interior of the cryoetat. Л superconducting magnet provides a 
magnetic field up to 50 кОе (5Т) at the sample position, with a homo
geneity better than 1 part in Ю 3 in a 15 mm diameter spherical space. 
The field is perpendicular to the horizontal scattering plane, hence 
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Fig. 2.3. Schematic sketch of the sample space. 
1. pump lines 
2. sample space 
3. filling capillary 1 K-pot 
4. 1 K-pot 
5. 4.2 К end of the thermocouple 
6. filling capillary 3He-pot 

7. heat exchanger 
8. vapour-pressure thermometer 
9. resistance thermometers 

10. heaters 
11. 3He-pot 
12. radiation shields 
13. sample 
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the use of a split-pair coil. The neutrons are allowed to pass through 
a 30 mm gap between the two magnet halves, which are separated from 
each other by a 7.5 mm thick aluminium (DURAL) ring, and two stainless 
steel supports. The latter cause two "dark" angles of about 5 degrees 
each. 

In the sample space, which can be evaculated separately, two pots are 
mounted (see fig. 2.3.). The first pot (marked 4 in fig. 2.3.) can be 
filled from the helium can via a large-diameter capillary or a very 
narrow one, and can be connected to an auxiliary pump. This pot is used 
to cool down to T « 1.2 K. The narrow capillary (3) provides the possi
bility to maintain this temperature indefinitely. The second pot (mark
ed 11 in fig. 2.3.) can be filled with 3He via a narrow capillary. The 
gas is cooled in the **He reservoir and condensed in the 1 K-pot. The 
liquid passes through a heat exchanger which uses the cold vapour, 
pumped out of the 3He-pot, to precool the condensate. A rotary pump and 
a diffusion pump close the condensation-evaporation circle. Tempera
tures down to T * 300 mK can be maintained in this way. 

On the 3He-pot, the sample, heaters and thermometers are mounted. Three 
types of thermometers are available: 2 Ge-resistors mounted on top of 
the pot, well away from the neutron beam, a Speer carbon resistor, and 
an Fe in Au vs chromel thermocouple. A second carbon resistor is mount
ed as a heater, and a manganin heater is wound around the pot. The Ge-
resistors are measured by an ас-resistor bridge (Instruments for Tech
nology, type VS3). The instrument also supplies a different voltage, 
which is proportional to the difference between the measured resistance 
and a preset value. This signal is fed into a PID-regulator (Oxford 
Insturments Precision Temperature Controller) the output of which is 
connected to one of the heaters. The stability, obtained in this man
ner, is 1 part in 10** in the resistance of the thermometer. 

The two Ge-therraometers were calibrated against two thermometers ob
tained from the thermometry group of the Kamerlingh Onnes Laboratory. 
The calibrated resistors were mounted In a sample holder, which was 
built into the cryostat. The temperature was varied between T » 0.4 К 
and T - 90 K, while readings of all four Ge-therraometers were taken at 
regular intervale on a logarithmic scale (T . * 1.06 T ). From the 
about 100 data points, obtained for a single thermometer, those with 
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Fig. 2.A. Calibration curve of one of the Ge-thermometers. Only about 
20Z of the available data points are shown in the figure. 

Temperature 

00 

0.4 -
2.0 -

A.2 -
10. -
20. -
50. -

2 .0 
A.2 
10. 
20. 
50. 
90. 

T - T meas 

(юК) 

0.A 
0.7 

1.5 
3 . 
10. 
30. 

f i t 

Table 2.3. The difference between measured and fitted temperatures for 
different temperature regions. The actual differences do not 
exceed the values quoted in the second column. The optimum 
degree n .. for the fit was n » 19. opt opt 



- 38 -

Che largest values of I (I > 10* 2) were discarded, and from che 

remaining group about 202 were randomly chosen to be a test set. The 

K(T) characteristic of a Ge-theraoa*ter appears to be only slightly 

curved on a double logarithaic scale [7], therefore we fitted the fol

lowing polynoaial 

In R - t a(i)[(ln T - T I/S]1 (2.48.) 
i«0 L 

to the remaining data. In eq. (2.48.) a(i) are the adjustable para-

»ters, T. is the aean of the logarithas of the lowest and highest 
I* 

teaperature measured, respectively, and S is the difference of these 

numbers 

TL - 2 < l n T a « + In T.i»> 

S * 2 (ln Tm« " lo T.i«> <2'49-> 

rhese nuabers are included in the polynoaial to assure chat the abso

lute value of the teras in the sua will not be too large for high val

ues of i. Different fits were asde for n « 4 through n » n , where 
aax 

n is the nuaber of data points divided by 4, rounded to the nearest 
integer. The optiaua degree n was selected by the criterion that the 

opt residual sua of squares ." " '•"•' *--"-•-' should be a ainieua. Fig.2.4. 

shows the result of this procedure. The average deviations of the fit 

froa the aeasured calibration points are given in table 2.3. for dif

ferent teaperature regions. To have yet another test, we performed a 

cubic-spline «soothing of the data. The results hereof never deviated 

•ore than 0.8 aK froa the fit to the polynoaial, at the expense of more 

coaputer tlae. This is the reason that we further used the fit of 

eq. (2.48.). 

2.4. The susceptibility apparatus 

The susceptibility experiments described in this thesis have been 

performed with the set-up of the group of Dr. van Duyneveldt in the 

Kamerlingh Onnes Laboratory. In this section we shall give only a short 

description. For an extensive discussion of the details the reader is 
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from ref . 8 ) . 
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referred to [в]. The glass cryostat is shown in fig. 2.5. A glass tube, 
around which a primary coil and two oppositely wound, but otherwise 
identical secondary coils are placed on top of each other, is immersed 
in a bath of liquid helium. In this way the coil system is at constant 
temperature. Inside this tube is a second one, so that the space be
tween the two can be evacuated. In the inner tube, the sample, in a 
delrin container, is suspended from a delrin rod, which in turn is 
mounted on a stainless steel tube which extends to the room temperature 
part of the cryostat. Around the sample is a coil-foil, which is kept 
at a constant temperature by two identical heaters, and a carbon ther
mometer. To ensure a good thermal contact between sample and coil-foil 
approximately 1 bar of exchange gas (He) Is introduced in the inner 
tube. By regulating the pressure between inner and outer tube, and the 
current through the heaters, a temperature stability both in time and 
in position within the coils, of about 1 part in 103 can be achieved 
[8]. 
Because of the symmetry of the empty apparatus with respect to a hori
zontal plane through the middle of the primary coil, no signal is 
expected (and actually no signal was measured) over the two secondary 
coils when these two are connected in series. However, when the sample 
is placed inside one of the two secondary coils a voltage will be mea
sured. The difference of the two signals, measured with the sample in 
the center of the upper and lower secondary coil, respec lively, is 
directly proportional to the susceptibility of the sample, and contains 
no contribution of the empty apparatus. In this way a complicated bal
ancing procedure can be circumvented. The sensitivity of this set-up is 
about 10~7 emu [9], the contribution of the sample holder is estimated 
to be -2 x 10~7 emu [ 9]. The set-up is calibrafed by measuring the 
susceptibility of the paramagnet Mn(NH4)2 (Б0Ц)2.6Н20 and comparing the 
results with the data in [10]. 
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CHAPTER 3 

STRUCTURAL PHASE TRANSITIONS 

3.1. Introduction 

In the family of layered compounds with composition (C H0 ^,NH_)0 MCI., 
n zn+1 5 2. ч 

where n = 0, 1, 2 , and M represents a divalent transition-metal 
ion, a series of successive phase changes has been found as a function 
of temperature. The manganese and cadmium compounds of this group have 
been well studied, and are subject to the following transformations. 
At high temperatures (T > 393.8 K) the structure is tetragonal, space-
group I4/mmm. Upon lowering the temperature the symmetry becomes first 
orthorhombic (spacegroup Cmca), and then again tetragonal (P4./ncm) at 
a transition temperature in the neighbourhood of T * 256.6 K. Finally, 
at much lower temperatures, a monoclinic phase is reached (T < 93.7 K) 
(see, for instance, [l] and [2]). The transition temperatures mentioned 
here refer to the methyl-manganese compound [l], but those for the 
methyl-cadmium and methyl-iron salts were found to be quite similar. 
In a comparative study of the magnetic properties of (CH3NH3)2CuCl1| and 
its deuterated form (CD ND,)_CuCl , we came across a remarkable differ
ence in the direction of easy magnetization in the two compounds (see 
Chapter 4). While in (CH-NH^CuCl^ the magnetic moments are parallel 
to the a-axis, in (CD3ND3)2СиС1ц they are found to be in the bc-plane, 
tilted by about 20 degrees out of the ab-plane. For the copper com
pounds of the above series, crystallographic studies have so far been 
restricted to ambient temperature, and thus the room temperature re
sults for the lattice parameters [3-8] have been used in the interpre
tation of the low-temperature (T < 20 K) magnetic measurements. In 
order to investigate whether a low-temperature monoclinic phase also 
exists for the two methyl-copper compounds, and whether a difference in 
lattice parameters or crystal structure between (CH3NH3)2CuCl4 and 
(CDjNDjLCuC^ could perhaps account for the different directions of 
easy magnetization, we undertook a study of the lattice parameters as a 
function of temperature in the region 1.5 К < T < 365 K. 
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Fig. 3.1. Crystal structure of (С2Н5Ш3)2СиС1ц. This figure is drawn 
from the data of Steadman and Willett (ref. 8.). 
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The plan of this chapter is as follows. In section 3.2. a few words 
will be devoted to the experimental details. In section 3.3. we discuss 
the temperature dependence of the lattice parameters of both 
(CH3NH3)2CuCl4 and (CD3ND3)2CuCl^, and in section 3.4. neutron diffrac
tion rocking curves of selected reflections are presented as well as 
some observations on the line-widths of X-ray powder-photographs. Fi
nally, in section 3.5., some concluding remarks will be given. 

3.2. Experimental 

Neutron diffraction experiments were performed on a large single crys
tal of (CD3ND3)2CuCl. (a disk about 3 cm in diameter, weight approxi
mately 1 g) and a much smaller one of (CH3NH3)2CuCl4 (size about 4 x 4 
x 0.3 mm3, weight about 10 mg). The latter crystal was obtained by slow 
evaporation at room temperature of an aqueous solution of stoichiomet
ric amounts of (CH-NH3)C1 and CuCl2.2H20. In a similar way the crystal 
of the deuterated compound was grown for us by Dr. Mischgofsky, then at 
Delft Technical University. For further details of the sample prepara
tion we refer to Chapter 4. The temperature was measured with a ger
manium resistance thermometer from T = 1.5 К up to T « 100 K, and by 
means of a chromel-alura*»l thermocouple for T > 100 K. The temperature 
stability was about 0.2% below and 0.5% above room temperature. 

Neutron diffraction data were collected with a two-axis spectrometer at 
beamhole HB3 of the High Flux Reactor in Petten. The neutron wave
length used throughout the experiment was 1.479(1) 8, as determined 
from a nickel-powder diffractogram. Scans were made in the [ÏOO], [Oio] 
and [OOl] zones. The incoming beam was collimated to 30' in the hori

zontal and vertical directions, while in front of the detector only 

horizontal 30' collimation was used. 

Guinier powder-photographs were made In the temperature range T - 293-

423 K. The film, provided to us by Dr. Wiegers was measured with a 

microscope, using a magnification factor of 10, and an electronic 

micrometer. No corrections for film shrinkage were applied. 
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3.3. Results for the lattice parameters 

In the following presentation we shall use a non-standard setting of 
the cell parameters, based upon a previous choice of the axis-labels. 
We adhere to this non-standard setting in this chapter to facilitate a 
comparison with the literature on the magnetic properties of this fam
ily of compounds from which the present study originates (e.g. [5,6]). 
Likewise, we retain the same indices for each reflection throughout the 
temperature range covered. For a full determination of the structure of 
the ethyl-copper compound at room temperature we refer to Barendregt 
[7] and Steadman [в]. We used the results of [в] to draw fig. 3.1. 
The room temperature lattice parameters for (CH3NHL)2CuCl. have been 

determined as a = 7.375(4) X, b = 7.289(4) A and с = 18.660(8) %. 

These results differ slightly from those of [4] (a = 7.54 A, b = 7.30 
Я and с - 18.55 8). Our corresponding values for (CD-ND. )0CuClu are 

о J 3 *• ц 

a = 7.395(4) X, b = 7.290(4) X and с = 18.694(8) X, i.e. hardly 
different from those for the hydrogenated salt. For these determina
tions we used both single-crystal neutron diffraction data and X-ray 
powder diagrams. The observed temperature dependences of the lattice 
parameters are given relative to the room temperature values in 
figs. 3.2. and 3.3. Raising the temperature aoove room temperature is 
seen to lead to a decrease in a while b increases. At T = 348(1) К, а 
and b become equal and a small discontinuity in dc/dT can be observed. 
Fig. 3.5. shows that also in the plot of cell volume temperature a 
discontinuity is present at T . From these results we conclude that 
at this temperature a first order transition to a tetragonal phase 
takes place. 
From T - 348 К up to T • 400 К no anomalous behaviour of the lattice 
parameters was observed with the Guinier method. At T * 400 К the lines 
of the Guinier-photograph could be indexed on basis of an I-centered 
tetragonal unit cell with cell constants a * 5.203(1) A and с » 
18.767(6) X in the standard setting. Our data on the deuterated materi
al above room temperature are qualitatively the same as the results 
obtained by Jahn on tiie hydrogenated compound [9]. The difference with 
the hydrogenated salt is merely a difference in the absolute scale. 

In the temperature range 170 К < T < 250 K, it becomes troublesome to 
determine the lattice constants from the single crystal neutron dif-
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Fig. 3 . 3 . Temperature dependence of с re la t ive to T = 300 K. 
D : (СН3Ш3)2СиС13, 0 : (CD3ND3)2CuCl4. 
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Fig. 3.4. Yemperature depencence of the monoclinic angle a 
a (CD3ND3)2CuCl4, 0 (CH3NH3)2CuCl4 

The dashed l ine i s discussed in the t e x t . 
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fraction data. This is due to the uncertainty in the position of the 
Bragg-spots, which are broad and show a fine structure (cf fig. 3.6.). 
Ue will discuss this effect in detail in section 3.4. From scans in the 
[lOO] zone below T e 170 К it becomes clear that the reflections with 
к i* 0 are doubled in the direction of the reciprocal c*-axis. The 
Bragg-spots lie on the nodes of two entangled nets formed by the recip
rocal lattice points of a monoclinic twin. From the distance between 
the two (020) spots the monoclinic angle a could be calculated, and its 
temperature dependence is plotted in fig. 3.4. The maximum value of a, 
reached at T = 25 K, is 92.47(4) degrees for the deuterated salt. Also 
in this respect there is almost no difference in the behaviour of the 
two compounds. We find quite similar monoclinic twins in the hydro-
genated salt, the maximum monoclinic angle in (CH3NH,)2СиС1ц being 

92.34(4) degrees as determined at T = 4.2 K. Also the temperature de
pendence of a is almost the same in the two compounds as can be seen in 
fig. 3.4. From these measurements and the scans in the [oOl] and [010] 
zones we deduced that in both materials the monoclinic deformation is 
brought about by shifts of the copper chloride ab-layers relative to 
one another in the b-dlrection, the maximum shift for adjacent layers 
corresponding to 0.8 A. We note that the temperature dependence a(T) in 
fig. 3.4. can be well approximated by a linear relationship in the 
range 90 К < T < 210 К (dashed curve in fig. 3.4.). Extrapolation of 
this behaviour yields T = 270 К for the transition from the monoclinic 
to the orthorhombic phases, but probably this is an overestimate. For T 
> 210 К it becomes troublesome to determine the monoclinic splitting, 
due to the appearance (for T > 170 K) of a central peak corresponding 
to the orthorhombic structure (see fig. 3.6.). Thus apparently for 170 
К < T < 260 К there is a co-existence of the low temperature monoclinic 
and the room temperature orthorhombic phases. 

In summary, both (СН3НН3)2СиС1ц and (CDjND^CuCl^ display two struc
tural phase transitions. At T ~ 260 К a transition takes place between 
the Low Temperature Monoclinic (LTM) phase and the jloom Temperature 
Orthorhombic (RT0) phase, followed by a transition at T - 348(1) К to 
the High Temperature Tetragonal (HTT) phase. The Low Temperature 
Tetragonal (LTT) phase, observed for M • Cd2+, Mn2+ and Fe2+ between 
the RTO and LTM-phases, does not occur for M - Cu2+. Instead a gradual 
transition from RTO to LTM is found in a broad temperature range 



- 50 -

100 200 300 400 
Temperature (К) 

Fig. 3.5. Cell volume calculated from the data of figures 2 through 
4, indicating a first order transition at T = 348 K. 
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direction 
с/а * tetragonal axis ** ref. 

Mn2+ 

Mn2+ 

Cd2+ 

Cd2+ 

Cu2+ 

1 
2 

1 
2 
3 

0.9753 
0.9518 

0.9595 
1.31 
1.33 

110 
110 

001 
001 

001 
, 1Ï0 

, 1Ï0 

1 

12 

11 

8 

7 

Table 3.1. MCI2- octahedron paraaeters in the series (C H„ .,NH„)_MC1. 
4 n 2n+l 3 2 4 

* The tetragonal distortion of the octahedron 

** Only approximate directions are given. The actual orientation of the 

tetragonal axis is a few degrees froa the direction given in this 

column. 



- 52 -

(170 К < T < 260 К), which is accompanied by a theraochroaic transition 
[lOj, and by broad aaxiaa in the heat capacity [5] and linear 
birefringence 1.10]. The existence, also in the deuterated material, of 
the theraochroaic transition was ascertained by visual observation. The 
assuaption [10] that this theraochrotsa and the behaviour of the linear 
birefringence is due to an anomalously large lattice contraction upon 
cooling through this teaperature region, is not confirmed by our exper
iments. 

In [2] and [ll] the occurrence of the LTT-phase is explained by the 
existence of two hydrogen bonding schemes in (CHjNH3)2CdCl4- At high 
teaperatures (above T • 283 K) two out of the three hydrogen atoas of 
the aamonium group fora a bridge to a Cl~-ion in the metal-chloride 
plane, while the thirJ bridge is to the Cl~-ioo above or below the 
metal-ion. Below T • 283 К a second bonding scheme is found in which 
two hydrogen bonds are formed between the ammonium and out-of the plane 
chlorine-ions, while the third 1* to a Cl~ in the metal-chlorine plane. 
In the teaperature region where the two bonding schemes co-exist, a 
tetragonal phase is again possible. Due to the Jahn-Telier distortion 
of the CuCl^2~ octahedra however, this possibility is not realized in 
(CH3NH3)2CuCl4, because of the considerable difference in the distance 

froa the nitrogen atoa to the nearest and next-nearest chlorine ions in 
the aetai-chiorine plane. In Table 3.I., we present as an illustration 
the octahedron-parameters of 5 different coapounds in the series 
(C H„ . N H K H C i , coapiled froa the literature. We suppose that also n 7n+l 3 2 * 
the other copper coapounds in the faaily (C H7 NH.),Cu€l, behave in a 
anoaalous way. 
The RTO to HTT phase transition in (CD3NH3)2CuCl% apparently has no 
effect on the amount of orthorhoabic twinning of the crystal. Upon 
cycling several tiaes through the transition at T * 348 К the crystal 

с 
appears to consist almost coapletely of one doaain. The volume of the 
second doaain, which has its a and b axes interchanged with respect to 
the first, is little more than 1Z of the total volume ая measured at 
rooa-teaperature (where a/b * 1.015). Such behaviour has also been 
reported for (CJHJNHJ )2СиСЦ [7]. 
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Fig. 3.6. Rocking curves of the (020) reflection at selected tempera
tures. The splittings are discussed in the text. The curves 
1-4 are displaced 20 x 103 in the vertical direction for 
each successive temperature. 
1: T - 301 K, 2: T - 267 K, 3: T - 260 K, 4: T = 227 K, 
5: T * 277 K. The upper and right-hand axes are to be used 
for curve 5. 
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3.4. Profiles of reflections 

In this section we present some observations on the crystal imperfec
tions. The profiles of the rocking curves of selected reflections, as 
measured in the neutron diffraction experiments, will be discussed. 
Some remarks concerning the Guinier-photographs will conclude this 
section. 

In the neutron diffraction scans performed on the large (CD3ND3 )2СиС14 
crystal the average full widths (FWHM) of the rocking curves for the 
reflections in the [OIO] and [lOO] zones are 1.9 and 2.5 degrees, re
spectively, while in the [OOl] zone the FWHM of the rocking curves is 
only 0.4°. The broad profiles can be interpreted as the sura of several 
narrower components (FWHM ~ 0.5°) which are present in the whole tem
perature range, and which probably correspond to different crystal
lites. This mosaic distribution is slightly modified at the transition 
temperatures, being wider in the RTO-phase than in the LTM and HTT-
phases. In the [100] zone this gives rise to a change in shape of the 
rocking curve (fig. 3.7.) but the same number of components in the 
reflections can be identified in each phase. Each of the two (Oki.) 
reflections with к Ф 0 (the splitting below T ~ 260 К being due to the 
monoclinic transition), exhibits the same fine structure as the (00A) 
reflections, including the change of overall shape. In the HTT-phase 
the (00A) reflections appear on top of Al-reflections from the sample 
holder, consequently the fine structure is smeared out for these re
flections. 

Also in the Guinier (powder)photograph different reflections behave 
differently: the (00A) refections are considerably narrower than the 
lines with non-zero h or k. Possible sources of this effect are a 
spread in lattice spacing and/or finite crystallite size, since the 
spread in wave-length and divergence of the beam can only give rise to 
a broadening that is a smooth function of 20. To choose between these 
possibilities, we observe that the crystallites of (СН3ГШ3)2СиС1ц are 
very flat platelets, with the c-axis perpendicular to the large sur
face. Since the crystallites are thinnest in the c-direction, the size 
effect will lead to a broadening of (00£) reflections, in contrast to 
the observations. We conclude therefore that all reflections except 
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Fig. 3.7. Rocking curves of the (020) reflection in the three phases. 
Note the different mosaic spread in the RTO-phase. 
1: T - 214 К (LTM-pha^e), 2: T = 300 К (RTO-phase and 
3: T = 360 К (HTT-phase). The right-hand side of curve 1 is 
turning upwards to the second peak of the raonoclinic twin. 



- 56 -

(OOI) are broadened by a spread in lattice spacings in the a and b-
directions while the spacing between ab-planes is well defined. 

3.5. Concluding remarks 

In this study, the presence of a low temperature monoclinic phase in 
both (CH3NH3 )2СиС1ц and (Сп

3Ю3),СиС1ц has been ascertained. The max
imum monoclinic angle measured at low temperatures is 92.34(4)° and 
92.47(4)°, respectively. 
It has been found that in the present copper compounds the tetragonal 
phase between the room temperature orthorhombic and the low temperature 
monoclinic phase does not occur, in contrast to the iron, cadmium and 
manganese compounds. This anomalous behaviour is ascribed to the Jahn-
Teller distortion of the octahedra surrounding the metal ions in the 
case of the Cu* -compound. 

Colpa [3] showed that the main part of the anisotropy in (CH3NH3)2CuCl4 
is due to the dipole-dipole interactions. Our calculation of this 
anisotropy energy in the two compounds, using the monoclinic lattice-
parameters determined in this work, and assuming the space group P2/a, 
lead to the same result for both compounds. However, in the neutron 
diffraction measurements to be discussed in the next chapter, it ap
pears that at least for t.he deuterated compound the symmetry is probab
ly lower, which may explain the different orientations of the easy axis 
in (С03МЬ3)2СиС14 and (CH3NH3)2СиС1ц. This point will be discussed 
further in Chapter 4. 
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CHAPTER 4 

MAGNETIC PROPERTIES OF (CH3NH3)2СиС1ц AND (CD3ND3)2CuCl4 

4.1. Introduction 

For a decade the compounds with general formula (C H„ ,,NH_)„MC1, 
n 2n+l 3 2 4 

(where n = 0,1,...., and M = Mn, Fe, Cu, Cd and Zn) have been the 
subject of numerous studies regarding their magnetic and structural 
properties [e.g. 1-12]. In the crystals of these compounds the metal 
(M) ions are arranged in two-dimensional (2-d) layers, consisting of 
corner-sharing octahedra of M 2 + and Cl~ ions. Each sheet is sandwiched 
between two layers in which the CN-axes of the alkylammonium groups are 
oriented approximately perpendicular to the metal chlorine layers. 
Neighbouring, electrically neutral sandwiches are connected by weak Van 
der Waals type bonds between the CH3-groups. By increasing n, the dis
tance between the МС1Ц-layers can be increased to a great extent with
out introducing substantial changes in the Intra-layer configuration. 
In the case of magnetic M-atoms, this property has been utilized to 
create magnetic compounds that approximate to a high degree the model 
of an isolated 2-d magnet [7, 9j. Moreover, by varying n it is possible 
to vary the inter layer exchange interaction J' with respect to the 
Intra layer interaction J. This property has been utilized to extrapol
ate the magnetic behaviour of these systems to that of an isolated 2-d 
magnet (J'/J = 0). 
The compounds of this family are not only of interest because of their 
magnetic nehiviour, but also with regard to their structural proper
ties. They were found to display a sequence of structural phase transi
tions as a function of temperature. At high temperatures (above room 
temperature) the compounds are tetragonal. When the temperature Is 
lowered, they pass through a room temperature orthorhombic phase, and a 
low temperature tetragonal phase. Finally they reach a monoclinic phase 
below about T » 100 K. 

In the above series of metal-organic substances, the copper compounds 
form an exception in several respects* Firstly, fcr M • Cu2+, the 
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magnetic intra-layer interactions are ferromagnetic, whereas they are 
antiferromagnetic for M = Mn2 and Fe • Secondly, the Cl~-octahedra 
surrounding the copper ions are distorted by the cooperative Jahn-
Teller effect, leading to a staggered ordering of the tetragonally 
elongated octahedra within the layers. Therefore, one would expect the 
structural transitions to be different in the case of the copper com
pounds. However, until recently no studies to this end have been re
ported for the copper salts. 

In the present chapter we report on neutron scattering experiments on 
the deuterated material (CD3ND3 )2СиС1ц , supplemented by measurements of 
the magnetic susceptibility in the temperature range below T = 40 K. 
Originally, this investigation was started as a continuation of earlier 
studies on the magnetic properties of (СН3ГСН3)2СиС1ц [7, 10]. We were 
particularly interested in the magnetic order parameter in the critical 
region as well as in the possible 2-й characteristics of the critical 
neutron scattering. In the course of the investigation, our interests 
shifted somewhat from these original aims towards the magnetic and 
structural properties In the region of three-dimensional magnetic or
der, the crystallographic transitions at higher temperatures, and in 
particular also to the interplay between the crystallographic and the 
magnetic structure. The crystallographic investigations were the sub
ject of the preceding chapter and [ll]. In the present chapter we will 
concentrate on the magnetic properties of (CD,ND3)2CuCl in the low 
temperature phase (where the crystal structure is raonoclinic), and 
compare the results with earlier susceptibility measurements on 
(CH3NH3)2CuCl4. 

The plan of the chapter is as follows. In the next section we discuss 
briefly the experimental details. Section 4.3. deals with the zero-
field susceptibility data of both compounds. In section 4.4. the neu
tron scattering data are presented and analyzed. This section contains 
also the results of the field dependent susceptibility measurements. 
The conclusions of the study are summarised in section 4.5. 

4.2. Experimental 

Single crystals of the compounds were obtained by slow evaporation from 
aqueous solutions. The deuterated compound was used In order to reduce 
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the incoherent background in the magnetic neutron scattering experi
ments. The starting material was 5 g of (CD3ND3 )2CuClit powder (Sharp 
and Dohme GmbH, Munchen), from which a large disc-shaped single crystal 
was grown by Dr. Mischgofsky, then at Delft Technical university. For 
the susceptibility experiments smaller samples were used for both 
(CH3NH3)2CuCl4 and (CD3ND3 )2СиС1ц. The platelet-shaped single crystals 
(weight 20-200 mg) were selected for optical clarity, and showed no 
sign of twinning, when viewed with polarized light at room tempera
ture. 

The susceptibility measurements were performed by means of a mutual 
inductance bridge method. The experiments on (CH3HH3 ̂ C u C ^ were per
formed in the same apparatus as used in a previous study on 
(C.JLNHj^CuC^ [б]. It was operated at a fixed frequency of 119 Hz, 
the amplitude of the ас-field being 10 to 100 uT. Static fields up to 
0.25 T could be applied parallel to the ас-field by means of a 
nitrogen-cooled solenoid, producing 50 mT/A. The temperature range 
covered was 1.2 to 40 K. For kT > J the susceptibility was measured in 
a pendulum magnetometer, in fields of 0.1 to 1 T. The susceptibility 
measurements on (CILIWL ̂ C u C ^ were perfoimed in another set-up, also 
already described elsewhere [13]. 

The neutron scattering experiments were performed with the two-axis 
spectrometer at beamhole HB3 of the High Flux Reactor in Petten. The 
neutron wavelength was 1.479(1) X, as determined from a nickel-powder 
diffractogram. The sample temperature could be varied within the tem
perature range 0.3 to 300 K. A magnetic field up to 5 T could be ap
plied to the sample, perpendicular to the scattering plane. The tem
perature was measured by means of a germanium thermometer, calibrated 
against another Ge-thermometer supplied by the thermometry group of Dr. 
Durieux at the Kamerlingh Onnes Laboratory. This thermometer was also 
used to calibrate the carbon resistor which was employed in the suscep
tibility experiments. 

In the presentation of our results we shall use a non-standard setting 
of the unit cell. \t low temperatures this jetting is monoclfnic, with 
the a-axis as the unique axis. We stick to this unconventional setting 
to facilitate the comparison with earlier investigations. 
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i s 

4 . 3 . Zero-field suscept ib i l i ty 

4 . 3 . 1 . (CH,NHj >2CuC1̂  

In the series (C H„ .NH„)-CuCl,, the ferromagnetic intra-layer inter-n 2n+l 3 2 4 
actions are found to be J/k = 15-20 К [7], the weak inter-layer inter
actions J* ranging from J'/J = 10~3 - 10-6. For (CH3NH3 >2СиС1ц, J* i 
ferromagnetic and extremely small (J'/J * 5.5 x 10-5 [7]). Although the 
intra-layer exchange J is highly isotropic, weak anisotropic terms in 
the interaction do occur. This anisotropy is represented below in the 

xy I form of anisotropy fields H and H , which may be compared to the 
effective field H associated with the intra-layer exchange (H = e e 
2 z JS/gpe). The larger anisotropy field H** = 3 x Ю - 3 И [7] estab-B A e 
lishes an easy plane for the magnetic moments, that coincides with 
the copper layers (xy or ab-plane). The smaller anisotropy field H. = 
2 x Ю-1* Н [7] establishes a preferred direction within the easy 
plane. Below we will denote the a, b and reciprocal c*-axes by x, у 
and z, respectively, corresponding to the preferred, next-preferred and 
hard directions, respectively. Information about the g-tensor is avail
able from various ESR-studies. The results are found to agree to g = 
g « 2.169(4) and g - 2.054(4) [14-16]. у z l J 

The signals obtained with the induction technique become very small for 
T > 1.8 T , partly due to the use of very small single crystals. Since 
we found the susceptibility to become directionally independent for 
T > 1.5 T (I.e. xj/g^ ж X'j/g2- for l»j " *»y»z), w« could extend the 
differential susceptibility measurements to T = 3 T using powdered 
samples of a few grams. In this way overlap could be obtained with 
the magnetometer data, which were found to become field dependent for 
T < 2.5 T . The results are plotted as С /х'Т лт J/kT in fig. 4.1., for с i I 
kT/J > 0.6. The molar Curie constants С were calculated from the ex
perimental g-factors: С . - g2 . S(S + 1) Nu*/3k » 0.4412(16) К cm3, 

a. D a, D В and С . ̂  0.3957(16) К cor*. Hence, С . * (2C . + С .J/3 -c* ' powder a,b c* 
0.4260(20) К cm3. As explained previously [б], the intra-layer ex
change constant J/k was determined by fitting the data to the high 
temperature series for the quadratic S » j Heisenberg model [17], 
yielding J/k - 19.2(3) K. 
For T < 1.5 T (J/kT > 1.4) the susceptibility becomes dependent on the 
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High temperature powder susceptibility of (CH3NH3^CuCl^ 

'•'iv^ normalized reciprocal temperature J/kT. Open squares 

are measurements obtained by the induction bridge, closed 

circles by the pendulum magnetometer. H.T.S. is the high 

temperature series expansion with J/k - 19.2 K, MF is the 

mean field prediction. 
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crystal orientation. Experiments were performed with the induction 
bridge, in order to check the reproducibility of the results and the 
possible errors introduced by the correction for the demagnetizing 
effects. For each sample x was Measured along the a, b and с•-direc
tions . Fig. 4.2. shows a typical result obtained for a single crystal 
specimen of approximate dimensions 6 x 6 x 0.5 ma3 (a x b x c), weigh
ing 28.7 ag. The real (x') and imaginary (x~) part of the complex dif
ferential susceptibility (i.e. dispersion and absorption) are plotted 
:v the relative temperature T/T , where T « 8.903 К С ""- :*:.->.). 
Apart from the differences due to sample shape effects, the behaviour 
of the other single crystals was found to be identical. The suscepti
bilities in fig. 4.2. have been divided by the appropriate Curie-con
stants as calculated above. In this way we eliminated the g-anisotropy, 
which for Cu2+ is mainly attributed to the orbital ontribution to the 
magnetic moment. 

The general features of the curves in fig. 4.2. can be explained in 
terms of a 3-d ferromagnetic system with a weak spin-ani sot ropy and an 
additional shape anisotropy. The crossover of the susceptibility from 
2-d behaviour at high temperatures (cf. fig. 4.1.) со 3-d behaviour for 
T •*• T has been discussed previously [7, 10]. Apparently, the a-axis 
is the preferential direction, which is confirmed by the experimental 
observation that for T > T one has: x'/C > v'/C. > Y'*/ C *• This 

с *a a Ab b лс* с* 
excludes the possibility of ascribing the divergence of x' to the pres
ence of a weak ferromagnetic moment along the a-direction, in an other
wise antiparallelly ordered arrangement of ferroaar.netic layers. Fur
ther evidence for the inter-layer interaction J' to be ferromagnetic 
has been found in ESR-experiments. Along the a-axi:; the susceptibility 
reaches a value at T that is equal, within the experimental uncertain
ty, to the limiting value 1/D for a ferromagnetic sample in which a 

a 
domain structure is formed below T , where D is the demagnetizing 
factor estimated on basis of the saaple shape. Specifically, froa the 
saaple diaensions we estiaate D = D. = 0.055 x 4w and D л = 0.89 x 4*. 

a b c* 
This value for D would yield x'/C » 496 K~l at 1 » T , as compared to а а а с 
the maximum value x'/C - 472(9) K~l that is observed (cf. figs. 4.2. 

a a 
and 4.3.). The difference of 52 aay well be accounted for by the 
errors involved in the estiaate of D and the calibration of the 

a 
susceptibility apparatus (absolute accuracy - 2Z). We will therefore 

http://ferroaar.net
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Fig. 4.2. Real (x*) and imaginary (x") part of the complex susceptibil
ity of a single crystal of (CH3NH3 ̂ CuCl^ as я function of 
temperature. Insert shows the proposed spin structure. Closed 
syabols are results obtained with a larger ас-field aaplitiide. 
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take the value x'/C - 472 %~l for l/D C in what follows, a a a a 
In a static experiment, the susceptibility along the preferred direc
tion would reaain constant for T < T , but in ас-measurements effects 

с 
due to the finite mobility of the doaain walls may occur. The obser
ved slow decrease of x* below T , accompanied by an increase of v"» is 

а с а 
accordingly ascribed to a decrease of the domain-wall mobility when T 
is lowered. Since the field needed to saturate the domain structure 

D along the a-axis (the demagnetizing field H a
 ж ^л \ ж ^>л ** 8 a ï»B S) 

is only about 4 mT (at T - 0 K ) , the ас-field with amplitude of 10 to 
100 uT may actually produce an oscillatory motion of the domain walls. 
Also the observed dependence of x' and x" o n th* amplitude of the ac-
field may be explained in this way. For T • T~ the domain effects are 
found to disappear, and for T > T no dependence of x' on the ampli
tude of the ac-field was detected. Along the b-direction these domain 
effects are seen to be much less. Although the demagnetizing field will 
be about the same, the b-axis is the next-preferred direction, with an 
associated anisotropy field H = 7.5 mT (*:':- "•:->:) hampering the wall 
motions when the ac-field is parallel to b. Parallel to the c*-axis, no 
effects due to domain motions could be observed, as expected since the 
demagnetizing field (H A * D ̂ M л - 43 mT) and also the anisotropy field 
H** (* 147 mT, :"" ;V: :'*:_->;) are much larger in this direction. 

The presence of the spin anisotropy, in addition to the shape anisotropy 
is clearly revealed by the values of x^ a n a x'* extrapolated to T * 0 K, 

b c* 
as compared to x' (T « T ) . According to effective-field theory (no do
main losses assumed) one would have: 

x. (T - o) - x; (T « тс> - D; 1 

Xb (T - 0) - (Db • Hl
A/nb)~l 

XC*(T - 0) - (Dc* • H ^ / M ^ f 1 (4. I. ) 

where M * g u S is the saturation magnetization in the i-direction. 
1. 1. В 

From the experimental values x^ (T " 0)/C. - 135 K~l and * » (т • 0)/C . 
b b - c™ c* 

7.64 К _1, estimates of the anisotropy fields H and И* У may be obtain-
Л Л 

ed. Since we attribute the decrease of v' below T to hindered domain-
Aa с 

wall motions we take x' (T * 0) - x' (T - T ) . In this way we obtain 
а а с 



- 67 -

(К 1 ) 

хУс 

<-60| 

290' 

х'/с 
* 

2 70| 

250 

а - •'xi» 

b-axi; 

-t—I 1—>—|—t—I—I • -

B.80 8.85 8.90 

— — T(Kl 
6.95 

Fig. 4.3, Determination of T from the susceptibility data of fig. 4.2. 
Details of this figure are discussed in the main text. 
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H = 7.3 mT and Н = 0.147 Т, which are very c lo se t o the values found 
A A _ 
by Yamazaki from his measurement of the spin-wave spectrum [18]: H = 

A 8.4 mT and Н*У = 0.145 Т. A 
The behaviour of Y ' and x,' very close to T is shown in fig. 4.3. For a b с 
the transition temperature we have the result T = 8.91 К from the 
specific heat experiments [19]. As can be seen in fig. 4.3. the maximum 
in x? occurs at T = 8.903(2) K, in good agreement with the former Ъ с 
value. The maximum in Y ' , however, is at T = 8.88 K, while at T = 

a 
8.91 К х' has already dropped by about 2% of its maximum value. Similar a 
behaviour was observed in other samples, of different shape. For the 
various samples, the temperature of the maximum in x' ranged from 8.80 
- 8.90 K, and the drop at T = 8.91 К from 1 - 2%. This phenomenon may 
well be attributed to the finite domain losses, which also lead to the 
rise in Y " at T as can be observed in fig. 4.2. A similar behaviour а с 
was found in (ГШЦ)2СиС1ц. 2H20 [20]. Furthermore, the fact that the 
earth magnetic field was not compensated for in the experiments may 
also have some influence. This is evident from the field dependent 
susceptibility measurements, presented below, in which it is found that 
the value of Y ' at T = T is already reduced by about 15% if a constant а с 
field of 0.2 mT is applied along the a-axis. We will adhere, therefore, 
to T = 8.903(2) K, noting that the Ge-thermometers used in the specif
ic heat and the susceptibility experiments have been calibrated with 
respect to each other with an accuracy better than one part in 101*. 
We conclude the discussion of the zero-field susceptibility measure
ments in (CH.NH, )2CuCl. with some remarks concerning the teuper^ure 
dependence of the anisotropy. From the xL curve in fig. 4.2. it is 
observed that, although the anisotropy in the susceptibility decreas
es for T -»• T~, it nevertheless persists to temperatures above T , in 

с с 
the case of Y'* even to T s 1.5 T . To illustrate this behaviour, we лс* с ' 
have plotted the difference x' (T = T ) - xi (T) as a function of T/T 

а с D с 
in fig. 4.4. The temperature dependence, observed in the figure, is 
clearly inconsistent with classical theories, which relate the anisot
ropy with the spontaneous magnetization. Cn the other hand, a similar 
behaviour has been observed in other magnetic insulators, e.g. in 
(NHI+)2CuBr1+.2H20. 
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Fig. 4.4. Plot of the anisotropy of the susceptibility (xl - Xv.) a s a 

function of temperature. Data points are results for 
(СН3Ш3)2СиС1ц. The dashed line Is the magnetization curve, 
measured by means of neutron scattering in (CD3ND3 )2CuCll+. 
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This behaviour may be explained by considering that the experimental 
anisotropy will be related to the magnetic interaction energy. Crystal-
field effects are absent for S = 5, and in case of Cu2 -salts, oni; 
lead to an anisotropic g-tensor. The resulting pseudo-dipolar ani-iot-
ropy has, however, already been eliminated by comparing reduced suscep
tibilities, x'/C . Thus we may attribute the remaining anisotropy in 
fig. 4.4. to an anisotropy in the magnetic interaction mechanism be
tween neighbouring Cu2 -ions. In the molecular-field approximation the 
magnetic energy is proportional to the square of the magnetization, and 
thus vanishes at T . However, from experimental data and from theoreti-c 
cal results on the Ising and Heisenberg models it has become clear 
that, in case of short-ranged Interactions, the magnetic energy is non
zero at T and that a substantial amount of energy is involved in the 
short-range order above T . For instance, the ratio E /E of the energy 

с с о 
removed above T to the total magnetic energy amounts to 0.57 and 0.67 с 
for the ferromagnetic f.c.c. and s.c. Heisenberg models and to 0.33 
and 0.71 for the s.c. and quadratic Ising models, respectively (all for 
S = i). Since we attribute the experimentally measured anisotropy to 
the magnetic energy, one should expect that the anisotropy will not 
vanish at T = T , but instead show the same characteristic short-range 
order tail for T > T as the interaction energy (i.e. the nearest-

c 
neighbour correlation function). For comparison we have included in 
fig. 4.4. the temperature dependence of the spontaneous magnetization 
scaled at the T = 0 intercept (i.e. the infinite-range correlation 
function), as determined in section 4.4. from the neutron diffraction 
data on (CD3ND3)2СиС1ц. 

4.3.2. (CD^ND^CuC^ 

We next turn to the x-data on (CD.ND3kCuCl^. Measurements were taken 
on a single crystal platelet with dimensions about 3 x 4 x 0.35 mm3, 
weight 7.5 mg. The applied ас-field had a frequency of 20.7 Hz, and an 
amplitude of 70 uT for the data below T . In this experiment the sam-

c 
pie is moved between two oppositely wound secondary pick-up coils, so 
that no corrections for the empty apparatus need to be applied, except 
for the small diamagnetic contribution (-2 x Ю" 7 emu) from the delrin 
sample holder. 
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Fig . 4 . 5 . Real par t of the s u s 
c e p t i b i l i t y of 
(С03МОз)2СиС14 versus 
temperature , for various 
c r y s t a l axes . 
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Fig. 4.6. Same data as in fig. 4.5., 
calculated for the three 
principal directions. 
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The results of the measurements along the various directions are shown 
in fig. 4.5. Again the data are plotted as x'/C (a = a, b, c*). Since 
the g-factors are not known for the deuterated compound, we have used 
the values for (CH3NH3 )2CuCll|, quoted above. In comparing figs. 4.2. 
and 4.5. some important differences become apparent. The behaviour of 
X'/C for (CD3ND3)2CuCllt is similar to that of хУ с

ь
 of (CH3NH3 )2СиС1ц, 

indicating that in both cases we have to do with an intermediate 
(next-preferred) direction. On the other hand, xl an^ x'* f o r 

b cx 
(С03Ш3)2СиС1ц are much different from x' and х'л for (CH3NH3 )2CuCl£+. 
The value for xi (at T - T ) in fig. 4.5. (x'/C,. = 398(8) K_1 ) falls 

b c b b 
far below that calculated from the estimated demagnetizing factor, 

namely 1/D,C, • 495 K-1. On the other hand, the values for x * below 
b b c* 

T in fig. 4.5. are about six times as high as the corresponding results 

f o r *c*/Cc* in fig* 4'2-

The explanation for these seeming discrepancies may be found in the 

monoclinic crystal symmetry of the two compounds. In the temperature 

region of magnetic order (see chapter 3) the c-axis, which is perpen

dicular to the ab-layers at room temperature, is tilted towards the b-

axis by about 2.5 degrees for T < 30 K. Obviously this tilting may 

occur in two directions, leading to the formation of monoclinic twins. 

In the monoclinic crystal the preferred direction is either parallel to 

the unique axis, or in the monoclinic plane. For (CH3NH3)2CuCl4 it 

appears to be along the unique axis, and hence the twinning has no 

effect on the behaviour of the susceptibility. In (CDjND )2СиС1ц, how
ever, the preferential direction for the magnetic moments is apparently 
not the unique a-axis, but a direction In the bc-plane, at an angle ф 
from the b-axis. This follows from the susceptibility data as well as 
from the neutron diffraction results discussed in section 4.4. 

Because of the twinning, the sample will consist of two types of crys
tallites, with the preferential magnetic axes pointing in different 
directions, forming an angle of 2ty. Consequently, in measuring along 
the b or c*-axes one observes a weighted average of the susceptibili
ties in the hard and easy directions. 

We may estimate the angle ф from the x~data by the following argument. 
Assuming that the susceptibility in the preferential direction x.' Is 
determined by the demagnetizing factor, we calculate from the 
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following formulae: 

2 2 
0,(ф) = D. cos ф + D ft sin ф 

Xb/Cb = (1/0,0, )cos24» + (x2/Ci)sin2^ 

Xc*/C
c*= (l/D,C,)6ln ф + (x^/Cj^^os ф (4.2.) 

ф = 20 degrees, and X.'/C = 31 K_1. Here the Curie-constants can be 
obtained from the g-values g. and g. calculated according to: 

2 2 2. . 2 . 2, g, = gfe cos ф + gc# sin ф 

2 2 2 2 2 
gL = gb sin ф + gc# cos ф (4.3.) 

The results for x' and x.' derived by means of eq. (4.2.) are plotted in 
fig. 4.6. as a function of temperature. These curves are very much 
like those found for x' and х'*^п f*8« 4.2. Hie anisotropy constants, 

a c* 
calculated from x.'» x' and x.' by means of expressions (4.1.) are found 

xy I 
to be H. = 90 mT, and Нд = 3.3 mT, values which are comparable to 
those derived above for (CH3NH3 )2СиС1ц (H*7 * 0.147 T, and H* = 7.3 mT). 

xy 
It should be emphasized that the xy-plane established by H corre
sponds to an easy-intermediate plane, which in this case does not 
coincide with the ab-plane. 
Thus, the most important difference between the hydrogenated and deu-
terated compounds appears to be the difference in preferred direction 
for the magnetic moments. The monoclinic symmetry of the crystal allows 
both possibilities. Which one of the two will be realized is determined 
by the various sources of anisotropy, of which we mention i) dipolar 
anisotropy, ii) crystal field anisotropy, and iil) the anisotropy aris
ing from the superexchange interaction mechanism. The dipolar contribu
tion to the anisotropy was calculated by Colpa [2l], who found Нд = 
1.07 mT, and H.y * 93.0 mT, using an orthorhombic unit cell. Since it 
appears that the dipolar anisotropy contributes substantially to the 
total anisotropy, we repeated this type of calculations using the mono-
clinic symmetry. In these calculations we applied the method, outlined 
by Peverley [22] and used the lattice parameters from chapter 3. If we 
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10 -

-V.T/C,, . 

Fig. 4.7. Critical behaviour of the susceptibility of (CD 3NDT) 2CUC1, 4. 
Note the apparent crossover between 2-d Ising (y = 1.75) and 
3-d Ising (у = 1.25) behaviour at TX » 1.08 T 
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assume that both the hydrogenated and the deuterated compound c r y s t a l 

l i z e i n the space group P 2 j / a below T = 10 K, which was a l s o found for 

(CH3NH3)CdCl4 and (CH3NH3)2MnCl4, the r e s u l t s of the c a l c u l a t i o n s are 

nearly the same for the two compounds i - e . the unique a - a x i s i s the 

preferred d i r e c t i o n , H = 2 . 4 raT and II - = 9 9 . 8 mT. The neutron d i f -
Л Л 

fraction data presented below, however, point to a lowering of the 
symmetry. When we incorporate this datum into the calculations it be
comes possible that the direction of easy magnetization turns to the 
monoclinic (bc-)plane. We will discuss this point in section 4.5. 
In concluding this section we will discuss briefly the critical behav
iour of the susceptibility in (CD3ND3 ̂ CuCl,,. In fig- 4-7. we show the 
temperature dependence of xJT/C. in the region close to T . Here xj 
is the susceptibility parallel to the magnetic moments, obtained 
above, and corrected for demagnetizing effects according to 

corr XJ(T) 
X J (T) = i -{х;(т)/х;сгс-тг (4-4-) 

For T + TT" the s u s c e p t i b i l i t y i s expected t o f o l l o w the power law: 

X ; T / C ( « ( I - T c /T)~ Y ( 4 . 5 . ) 

The critical behaviour of (CH3NH3)2CuCl^ has been found to be Ising-
like, with a crossover at e « (1 - T /T) - 5 x 10-2 from 2-d Ising 
(Y = 1.75) to 3-d Ising behaviour closer to T (y = 1.25) [lO]. Al
though the present data are less numerous, they nevertheless do indi
cate a similar crossover phenomenon. The location of the crossover in 
the critical region (E ~ 7 x 10~2) is comparable to what was found for 
(СН3МН3)2СиС1ц. Hence we conclude that the ratio J'/J is comparable 
for the two materials (i.e. ~ 5-5 < ID-5). 

4.4. Magnetic neutron scattering experiments 

As was mentioned in the introduction, the neutron scattering measure
ments were performed only on che large single crystal of (С1?зМПз)2СиС1|,, 
because this material has a considerably lower incoherent background 
scattering. We were particularly interested In studying the possible 
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occurrence of the two-dimensional short-range magnetic order for 
T > T , and the temperature variation of the scattering in the critical 
region, from which one may derive the critical behaviour of both the 
long-range order parameter below T , and the short-range order above 

с 
T . 
с 
In fig. 4.8. we have drawn the b*c*-plane of the reciprocal lattice of 
monoclinic (CD-fnO-CuCL . In this figure the various paths are indi
cated along which the scattered intensity was recorded as a function of 
temperature. The lowering of the symmetry from orthorhombic to mono-
clinic in cooling from room temperature leads to twinning, as explained 
above, hence the doubling of the b*-axis marked in the figure. From the 
observation of the magnetic (002) and (026) reflections at T - 4.2 К it 
may be inferred that the ferromagnetic layers are ferromagnetically 
coupled. The measured intensity ratio at T * 4.2 К amounts to 
I(026)/I(002) = 0.18, which excludes the possibility of magnetization 
parallel to the a-axis (in that case one calculates: I(026)/I(002) = 
0.82). As is already mentioned above, in the monoclinic symmetry two of 
the three principal magnetic axes are in the monoclinic (bc-)plane, 
while the third is parallel to the unique (a)-axis. If we assume that 
the moments in each twin are aligned in the bc-plane at an angle ф from 
the b-axis, we calculate from the measured intensity ratio ф = 20(10) 
degrees, a value which supports the conclusion drawn from the suscepti
bility data. 
We chose to study the magnetic behaviour by measuring the intensity of 
the (002) reflection, and of the point ? =3.58 on the line (00?), be
cause the reciprocal lattic points (001) and the line (00?) are the 
same for both crystals in the twin. Furthermore, the nuclear contribu
tion to the (002) reflection, which must be subtracted to obtain the 
magnetic intensity, is relatively small and mainly due to the (004) 
Bragg reflection of second order (X/2) neutrons. The point ? • 3.58 on 
the line was chosen, because at that point we were least bothered by 
the background scattering from the cryostat and Bragg scattering of the 
X/2 and 2X/3 contamination of the beam. The latter component in the 
neutron beam originates from the weak (003) reflection of the Zn-
monochromator, brought about by radiation damage of the crystal. 
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Fig. 4.8. Reciprocal b*c*-plane of monoclinic (T < 30 K) (CD3ND3)2СиС1ц. 
Reciprocal lattice points are shown for one crystal of the 
twin. The orientation of the second crystal is indicated by 
the same c*-axis and the dashed b*-axis. Scans through the 
(002) reflection (A and B), across the ridge (C) and through 
(040) (D) are marked. 
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4.4.l._Zero field exPe.riBe5t;£ 

In fig. 4.9. we present the temperature dependence of the magnetic 

contribution to the (002) Bragg reflection. We have analysed the re

sults for T < 6 К in terms of renormalized spin wave theory as given by 
Tsuru and Uryu [27]. The solid curve in the low temperature part of 
fig. 4.9. represents a fit to our data of the theoretical temperature 
dependence of the spontaneous magnetization, yielding the parameters 
J/k - 19.3(5) К and J'/J - Ю - 3 - 10~5. Although the anisotropy is 
neglected in this calculation, the value of J/k compares favourably 
with that found from the high temperature series expansion of the sus
ceptibility (J/k = 19.2(3) K) of (CHjNH^CuCl^, quoted in section 4.3. 
In the vicinity of T t». magnetization is expected to follow a power 

с 
law, as is experimentally the case for the susceptibility: M(T) = 

о B(l - T/T ) . The curve drawn through the high temperature points in с 
fig. 4.9. represents a fit of this power law to the experimental data 
and yields the critical exponent 0 = 0.242 (+15-25). This value is 
considerably lower than expected for a 3-d Heisenberg (0 = 0.365), XY-
(B « 0.346), or Ising magnet (0 = 0.325), but too high for a 2-d Ising 
model (8 = 0.125). It is possible that a crossover from 2-d to 3-d 
behaviour occurs in the range 10"3 < 1 - T/T < 10-1. Fitting a single 
power law to the data in this range will then yield an effective Inter
mediate value for $. Due to uncertainties in the subtraction of nuclear 
scattering, to be explained in section 4.5., it is hardly possible to 
achieve the necessary accuracv со observe this crossover. The same 
complications lead to the assymmetric error bounds for 3. 
A closer inspection of the magnet! : contribution to the (002) reflec
tion leads to a striking conclusion. By comparing the measured inten
sity of the (002) reflection at T = 0.18 T with the expected inten
sity, it appeared that only 5-10% was actually observed in the Bragg 
peak. This estimate was based on a comparison with previous experiments 
on ICMnF^ [28], performed on the same spectrometer with the same cryo-
stat. On the other hand, we observed an exceptionally large intensity 
in the ridge (00s), even at T - 0.18 T . The integrated intensity of 
the ridge, added to the integrated Intensity of (002), compares much 
better with the expected magnetic intensity. We will discuss this 
point, after the presentation of our analysis of the ridge Intensity. 
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Fig. 4.9. Magnetization of (С03газ)2СиС1ц, as determined from the 
(002) Bragg reflection. Curves represent the fit of the 
spin-wave theory and power law, respectively. The drawn part 
of a curve indicates the region used in the fit. 
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The measurements of the intensity profile at the ridge were taken by 
scanning along the path marked С in fig. 4.8. In this scan the crystal 
is rotated through the incoming and outgoing beaa, which gives rise to 
two ainiaa in the intensity profile, because of the large absorption of 
neutrons by the chlorine nuclei. We calculated this absorption effect, 
approxiaating the crystal shape by a disc of diaaeter 3 ca and thick
ness 1 an, and using a linear absorption coefficient u * 0.465 ca-1. 
The result of the calculation is given as an insert in fig. 4.10., to
gether with soae data points Measured at T « 196 К and ( = 3.58. The 
calculated curve is scaled at q ж 0.17 A-1. Since the fit is reasonably 
good, and no magnetic scattering is expected at this high temperature, 
we subtracted the aeasured profile at T * 196 К froa all subsequent 
measurements in order to determine the magnetic contribution to the 
scattering. The temperature dependence of the peak intensity obtained 
in this way is plotted in the main part of fig. 4.10. Below T * 85 К 
the ridge starts to increase, indicating the existence of magnetic 
short-range order in the ab-planes and thus confirming the two-
dimensional character of the magnetic interactions in (CD3MD3 )2CuCltf. 
At T , a maximum in the ridge intensity appears which is caused by the 
critical scattering accompanying the transition to long-range 3-d 
order. In other compounds the ridge intensity decreases steeply for T 
T , as can be observed, for example, in the measurements on the layered 
ferromagnet K.CuF [29]. In the present case, however, the ridge 

intensity becomes constant after an initial reduction. From this obser
vation and the lack of magnetic intensity in the (002) reflection we 
conclude that, even at temperatures as low as 0.18 T , most of the 
magnetic ordering in the crystal is only 2-d. Because of the large 
mosaic spread, caused by the crystallographic imperfections [ll], it 
was not possible to deduce the correlation lenghts in the ab-planes 
from the measured ridge profiles. In the whole temperature range dis
played in fig. 4.10. the width of the profile was kept fixed at 1.8 
degrees (0.038 X - 1 ) , a value deduced from the widths of the nuclear and 
magnetic Bragg reflections. 

4i4:21_Exgeriments_in_a_magnetic_field 

To obtain additional information on the unusual magnetic ordering and 
the intensity, missing from the (002) reflection, we repeated the 
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measurement of the (002) reflection and the ridge profile in the pres

ence of a vertical magnetic field (parallel to the a-axis), at T = 

4.2 K. Fig. 4.11. shows the field dependence of the intensity of the 

magnetic (002) reflection. We compare these measurements with the spin 

wave calculations of Tsuru and Uryü [27], using the constants J/k and 

J'/J obtained by the fit of the temperature dependence (drawn curve in 

fig. 4.11). Although the a-axis is the next-preferred direction, one 

observes a remarkably good agreement between the curve and the experi

mental data. This indicates that the magnetic moments are already a-

ligned parallel to the a-axis in a weak field Hjla_. From the magnetiza

tion curves, obtained by integrating the susceptibility x'(H) (see fig. 

4.12.), it is found that at T = 4.2 К the magnetization for directions 
within the ab-plane has the same field dependence for H > 15 mT. More
over, in the measurement of the ridge intensity at H = 1.89 T and T = 
4.2 K, we observed no difference with the ridge profile at H = 0. From 
these observations one concludes that a field as high as 1.89 T is not 
able to iodvce a 3-d order. 

It is possible to explain these seemingly contradictory observations by 
assuming that the lack of 3-d magnetic order is not caused by lack of 
alignment of the spin directions but by a lack of order in the spin 
positions. We propose therefore the following hypothesis: the transi
tion to ferromagnetic 3-d order at T is accompanied by a lowering of 

с 
the crystallographic symmetry which allows the displacement of the 
Cu2+-ions from the special position (0,0,0) to a general position 
(x,y,z). This means that below T either the screw axis or the glide 
plane must be omitted from the monoclinic spacegroup P2 /a. Due to 
the poor quality of the crystal, we were unable to check this assump
tion by a full determination of the structure at low temperatures. 
However, there are other indications for a structural transition at T . 

с 
As is shown in fig. 4.13., the intensity of the (040) reflection varies 
with temperature below T . Although a small magnetic contribution is 
expected below T > we observe instead a decrease of about 7% in the 
intensity, while the position of the reflection remains the same. 
This decrease is therefore due to a decrease in the nuclear structure 
factor, which is an indication of the displacement of (groups of) atoms 
in the unit cell, perpendicular to the ас-plane. Concurrent with the 
decrease of the (040) intensity, a decrease in the background 
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scattering was observed in the scans perpendicular to (00^). The calcu
lations of the dipole field, finally, indicate the space group Pa. A 
shift of the copper atoms of about 0.1 A turns, in this case, the pref
erential direction of the magnetization already in the bc-plane. This 
point will be discussed in chapter 5. 

4.5. Conclusions 

From both the susceptibility measurements and the neutron diffraction 
data we conclude that the compounds (CD3ND3 )2CuCl4| and (CH3NH3 )2СиС1ц 
undercо a transition to ferromagnetic order at T = 8.84(1) К and T = 
8.903(2) K, respectively. The magnetic moments in the two compounds, 
however, point in different directions. In (CH3NH3 )_СиС14 the preferred 
direction is the a-axis, while the b-axis is the next-preferred direc
tion. The ab-plane as a whole is preferred to the c*-direction, perpen
dicular to the ab-plaa^. In (CD3ND3 )2CuCli( the situation is different. 
Here the a-axis is the next-preferred direction, whereas the preferred 
direction is in the bc-plane at an angle of 20 degrees from the b-a.-is. 
The anisotropy energies in the two compounds are comparable and probab
ly mainly due to the dipolar interactions between the magnetic moments. 
The different preferred directions are caused by a slight crystallo
graphic change, which accompanies the transition to the ferromagnetic 
state in (CD3ND3)2СиС1ц. The calculation of the dipole field (see chap
ter 5) indicates that a transition occurs to the space group Pa. The 
dipolar interaction appears to be very sensitive to the copper posi
tions,, which are different in the two compounds. In (CD3ND3)2CuCl4 it 
is clear that the copper ions within each copper-chlorine sheet are 
displaced, at least in the ab-plane. The displacements in subsequent 
planes are largely uncorrelated, which follows from the presence of 
intensity in the ridge (OO5) at T « T . The hypothesis of the lowering 

of the crystallographic symmetry at T is supported by the observation 
с 

of the change in nuclear intensity of the (040) reflection. 
Although in the case of a ferromagnet it can not be generally estab
lished which part of the intensity change of a reflection should be 
ascribed to the crystallographic changes and which part to the magnetic 
scattering, it appears that in our measurements of the magnetic inten
sity this distinction could be made. Since the (004) reflection displays 
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almost no temperature dependence, we expect the changes in the (002) 
nuclear intensity (which is nf / due to second order scattering from 
(004), vide supra) to be rather small, so that the measurement of the 
magnetization M(T) near T = 0 will not be affected very much, and the 
uncertainty in M(T)/M(T = 0) will be even smaller. This is also the 
reason for the asymmetrical error bounds in the value of В, quoted in 
section 4.4.1. 
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CHAPTER 5 

ON DIPOLE FIELDS IN SOLIDS 

5»1« Introduction 

'n theoretical desct ip::ions of magnetir phase transitions often hamil-
toniar.f гге used, which do not include fbe Jipclar interactions explic
itly. When the results of those theories ara compared with measurements 
on real magnetic systems, the neglect of dipolar interactions may lead 
to substantial errors. The effect of the dipolar interaction may be 
included in the hamlltonian, e.g. through the Zeeman term. The field 
which is present at the site of a dipole, due to all the other dipolis, 
is calculated to this end, and added to the external field according to 
the vector addition rule. The resulting field, which we shall call the 
local field H. , is used in the hamiltonian instead of the applied —loc 
field H . 

—a 
The calculation of the field due to the magnetic dipoles in a homoge
neously magnetized sample is the subject of sections 5.2 and 5.3. The 
dipole field will be separated in two parts. The first is the shape-
dependent part and the second depends on the crystallographic structure 
only. They are called the demagnetizing and Lorentz field, respective
ly. The Lorentz field will be calculated in section 5.4. for some 
structures belonging to the monoclinic crystal system, to which 
(CHjNHj^CuCl^, (CDjND^CuCl,, and MnCl2.4H20 belong. Section 5.5. is 
devoted to the discussion of the inclusion of the dipole field in the 
model hamiltonian via a correction term to the Zeeman energy. It ap
pears that different corrections apply in the cases of samples with a 
high and low susceptibility, respectively. The former case occurs, for 
example, in a ferromagnet. Upon approaching T the theoretical suscep-

c 
tibility becomes infinite, which is reflected in the experimental 
data only after applying a correction for the demagnetizing field. In a 
paramagnet, however, the susceptibility is considerably less and a 
correction for the complete dipole field Is usually performed. This 
correction happens to be zero for a spherical sample of a paramagret 
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with a cubic crystal structure, hence the use of spherical crystals in 
magnetic thermometry. 

5.2. Calculation of the dipole field 

In this section we shall recapitulate the basic formulae which apply to 
the dipoie problem and th»> difficulties wMch one meets in the evalua
tion of the appropriate lattice sums. The field at the origin of a 
coordinate system due to a point dipole м_, which is located at the 
position given by jr is expressed by the well known formula [eg. l] 

-V_ 3(v_ . r_) £ 
+ — (5.1.) 

H3 M! 

The energy of a dipole at the origin, due to the presence of the dipole 

at _r may be calculated using eq. (5.1.) and takes the following form 

v * u_ 3(u . r)(v_ • £) 

where v represents the moment of the dipole at the origin. Conversely, 

the f'eld at the origin is obtained from eq. (5.2.) by 

Л1 - -ЭЕ/Э м0° (5.3.) 

In a homogeneously magnetized sample where the moments are the same in 
magnitude and direction, no distinction can be made between u and у . 

~ -о 
In this case an extra factor 1/2 should be included in the right-hand 
side of eq. (5.3.). 
The local field at the position r In a homogeneously magnetized crystal 
may be calculated by adding the contributions of the dipoles at the 
postions r , with the exception of the dtpole located at £, if present. 
By writing _r! - £ - £ for the distance to the dipole at £., the ex

pression for the energy of a dipole at £ reads 

a ,a В 0 
a2 W rj Z (n r' ) 

1 a ,J 3 |r.|5 
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The prime in the sum over i in eq. (5.4.) denotes the deletion of the 

term with _r = r, if £ happens to be on a lattice site. The evaluation 

of eq. (5.4.) enables us to calculate also the field H, (_r) through 

the use of eq. (5.3.) without the need of evaluating the lattice sura 

again. 

Eq. (5.3.) contains lattice sums of the type: 

Z T^T- (5.5a) 

i' 
i |r 13 

and 

о 0 r. r. 
Z , Л (5.5b) 
* hi5 

The sum in eq. (5.4.) is only conditionally convergent. The number of 
terms which have to be calculated to arrive at a reasonably accurate 
value of E is usually large and depends on the order in which the sum
mation is performed. Moreover, the value of E itself also depends on 
the order in which the sum is calculated. It is therefore necessary, in 
order to arrive at a physically meaningful value for the energy, to 
check the results of the summation when taken over a series of similar
ly shaped volumes with increasing dimensions. 

One can show, see e.g. Colpa [2], that in the case of a homogeneously 
magnetized sample, the local field may be written as the sum of two 
terms: 

II, - -D . H + L . M (5.6.) 
—loc — — — — 

where t) and I. are the demagnetizing and Lorentz tensors, respectively, 
and M is the sample magnetization. The distinction in the two terms has 
the advantage that the effect of the sample shape is described by the 
tensor t>, and the dependence on the crystal structure Is Incorporated 
wholly In the tensor _L. Consequently, the calculation of the dipole field 
needs to be performed only once for a particular crystal structure. 
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5.3. The evaluation of the lattice sums 

Let f(r_) be a slowly decreasing function of jr, for large jr. The sum 

Z fCr), where i numbers the lattice sites of an infinite crystal, will 

converge slowly in this case. However, for large values of jr the 

Fourier transfotm of f(jr.) will decrease steeply. It may therefore be 

advantageous to transform the sum into Fourier space in order to 

evaluate it there. When f(r_) is slowly varying also in the vicinity of 

jrj"0, this may improve the convergence considerably. Unfortunately, this 

is not the case for the lattice sums (5.5.). The first part of this 

section is devoted to the transformation of the lattice sum into 

Fourier space, while in the second part we will discuss the difficult

ies which appear for small values of jr. 

5.3.1. The transformation into Fourier space 

In this paragraph we present first three theorems which are particular

ly useful in the derivation of the relation between the lattice sums in 

real and Fourier space, respectively. The lattice points jr of the 

crystal in real space transform to the reciprocal lattice points ]c in 

Fourier space. 

The representation of the Dirac delta-function 

6(x - x') = ƒ exp (i к (x • x»)}dk (5.7.) 

may be used to derive the following theorem 

ƒ f(r) g*(_r) d3£ - ƒ F(k) G*(k) d3k (5.8.) 

by expanding the Fourier transforms on the right-hand side of 

eq. (5.8.). The Fourier transform of the delta-function is calculated 

as follows 

FT {5(r - r,)} - ƒ 6(r - r ) exp(i k.r) d3r -
1 — —i > ' — —i — 

ƒ ƒ expfi u. . (£ - r1)} exp(i k._r) d
3u_ d3jr - exp(i k.^) (5.9.) 

The third formula, finally, reads 

I exp(i k.r_t) - \ . I 6(k - k1) (5.10.) 
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the derivation of which proceeds as follows. Z 6(x - 2ni) is a periodic 
function of x, with the period 2ir* It may therefore be expanded in a 
Fourier series 

Z б(х - 2т1) - Z с exp(i x n) (5.11.) 
г П 

i n 

The coefficients c of eq. (5.11.) are calculated using the formula n 

1 * с = ̂  ƒ 6(x) exp(-i n x) dx = 1 (5.12.) 

Insertion of eq. (5.12.) in eq. (5.11.) leads to the identy 

Z 6(x + 2iti) = Z exp(i x n) (5.13.) 
i n 

which has been used to arrive at eq. (5.10.). The constant multiplying 

the right-hand side of this equation is 1/v, where v is the volume of 

the unit-cell, by virtue of the property of the delta-function 

«(ax) =Т1Г «00 (5.14.) К 
The vectors к are the reciprocal lattice vectors, which have the prop
erty that 1c . £. a 2irn, where n is an integer. 

The formulae (5.8.), (5.9.) and (5.10.) are now used to derive the re

lation between the lattice sum in real and Fourier space, respectively. 

The sum is converted into an integral by the Dirac delta-function. 

Z f(r ) = ƒ f Or) . U ( r - r ) d 3 t (5.15.) 
i i i 

The application of eqs. (5.8.) and (5.9.) leads to the expression 

Z f(r ) - ƒ F(k) Z exp(i k.rj d3k (5.16.) 
i i X 

where F(k) is the Fourier transform of f(r). Eq. (5.16.) may be simpli

fied using eq. (5.10.) to the expression 

z f<£i> ' h i F<ii> l «Ql " ±0 d3Ji - e l F<V (5.17.) 
i i i 
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The relation between the lattice sums In real and Fourier space is thus 
an extremely simple one. Moreover, eq. (5.17.) demonstrates the poten
tial improvement of the convergence of E f(г.) when f(r) varies slowly 

1 ~~i — 
with jr, which implies a steeply decreasing Fourier transform F(k). 
The sums of the type (5.5.) do not meet this requirement completely, 
because of their rapid variation near jr=0, but may be modified to do 
so. This will be discussed in the next paragraph. 

5.3^2. Improving the convergence 

When the function f(_r) varies slowly for large jr, and rapidly in the 
vicinity of £e0, one is led to the idea of performing the sum Z f(£f) 

in real space for small _r, and of converting it into reciprocal space 

for larger values of _r,. This may be expressed as 

Z f(r ) = Z f(r ) . C(r ) + E f ( r ) (1 - C(r )) (5.18.) 

t "I ± "I I i I -I 

C(r_) in eq. (5.18.) is a function which decreases when £ becomes lar

ger. The first term on the right-hand side is thus made to converge 

more rapidly. A proper choice of C(r_) makes the function in the second 

sum smooth enough to have a Fourier transform which decreases steeply. 

In that case the second sum is approximated very well by the first few 

terms in the Fourier series, sometimes even by the first term only. 

The method of direct summation, in which the lattice sum is calculated 

by summing over a relatively small volume, and approximating the sum 

over the rest of the crystal by an integral, assuming the rest to be a 

continuously magnetized medium, is a variation of this approach. It may 

be characterized by the function C(£) • H(R - r_), where H is the Heavi-

side step function. The poor convergence of this method may be under

stood by the observation that the function f(r){l-H(R - jr)} has a sceep 

side at £ • 11, and thus its Fourier transform has a long tail in recip

rocal space. The integral, which is only the first term in the Fourier 

series, is therefore not a good approximation for the second sum. 

Peverley [З] proposes the use of the function 

C(r/R) - exp{-a (r/R)m} (5.19.) 
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The function f(jr) {1-C(r/R)} may be made slovly varying for all _r by 

choosing m large enough, so that {1-C(r/R)} damps the rapid variation 

of fCr) for small values of r, but on the other hand not so large that 

a step occurs at r«R. In this case the Fourier series may be terminated 

after the first term. This last statement will be explained in the next 

paragraph. 

5.3^3. The evaluation of the dipole energy 

The energy of a dipole due to the presence of the other dipoles in a 

sample (see eq* (5.4.)) will be calculated using the technique outlined 

in the previous paragraphs. The sum in real space is evaluated directly 

in a computer program. The first term in the Fourier series is the 

integral 

2 <!L • I)2 

ƒ |JL_ _ 3 | |! _ e x p [ _ a (Г/R)»]} d 3 £ (5.20.) 
r3 r5 

After an appropriate coordinate transformation, which makes u_ parallel 

to the new z-axis, this integral may be written as 

= ƒ оф ƒ f(г) dr ƒ ( 1 - 3 cos20) sinO d0 (5.21.) 

The last factor in eq. (5.21.) integrates to zero, while the integral 

over r remains bounded for finite samples. Thus the first term in the 

Fourier series vanishes. The next terra in the Fourier series decreases 

rapidly when the parameter R in the function C(r/R) increases. In fig. 

5.1. we present a plot of the differences between the Lorentz factor 

for a simple orthorhombic lattice calculated by this method, and the 

value obtained by Colpa [2] as a function of the parameter R. A satis

factory convergence may be observed (cf. the number of terms in the 

direct summation, n * l(f*, to arrive at a precision of 4 significant 

digits [2]). The results of this type of calculations are valid for 

spherical samples, due to the spherical symmetry of the convergence-

function C(r/R). 
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5.1. Plot of the differences AL /L = (L - L )/L ye the para-
X С С X С 

meter R In the convergence function C(r/R). The Lorentz 
factor L has been calculated by the method described here, x 
and is compared to the value obtained by Colpa [ 2J (L • 
1.9129734463) for a simple orthorhombic lattice with the 
parameters a"2, b-4 and c"5A. The number of terms in the 
direct sum is shown in the upper horizontal axis. The line is 
a guide to the eye. 



- 99 -

5.4. Lorentz field in some crystals belonging to the mono inic 
crystal system 

Once we have calculated the energy of a dipole in the field of the 
other dipoles from eq. (5.4.) a few related physical quantities may be 
easily obtained. The local field H, may be calculated by applying 

—loc 
eq. (5.3.). The Lorentz tensor _L follows from the local field through 
eq. (5.6.). Because I) is diagonal with respect to any basis in a spher
ical sample, the main directions of the Lorentz tensor may be determin
ed by finding those directions for the magnetic moments v̂  for wh5.ch 
И is parallel to the magnetization M = Nu. Once these are found the —loc — 
Lorentz factors can be calculated according to 

L a - (Hloc° + D V ) / M a (5.22.) 

The preferential direction for the magnetic moments with respect to the 
dipolar interaction, is found by minimizing E with respect to the or
ientation of the magnetic moments. The second derivatives of E, final
ly, are used to calculate the anisotropy fields H , which are defined 

A 
by the following re lat ion 

иНА(ф) - Э 2
э

Е
е | 0 ' Я ( 5 . 2 3 . ) 

where 0 is the angle between the direction of the magnetic moments and 
the direction of H . Eq. (5.23.) expresses the equality of the restor
ing torque which would be exerted by a magnetic field H and the torque 

A 
due to the actual potential. The anisotropy field H is defined only 
for those directions, for whJch E ha» a (local) minimum, and its 
strength depends in general on the azimuthal angle ф. 
In table 5.1. we collect some results for crystals belonging to the 
monoclinlc crystal system, which have a unit-cell with one long edge. 
The compounds which are discussed in the previous chapters belong to 
this group. From the table it is clear that the direction of the long 
axis determines the behaviour with respect to the dipolar interaction, 
when the moments are in the special positions (0 0 0), (J J 0), (J 0 J) 
and (0 J {). However, the anisotropy is very sensitive to the positions 
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a/b a/c H^CmT) H^(mT) 

0.3 1. 

0.3 

0.3 

1. 

0.7 
0.8 
0.9 

1.1 
1.2 
1.3 

90 
95 
100 
105 

95 

95 

0.8472106 
0.9965020 
1.1627047 
1.3544340 

0.8115928 
0.8882382 
0.9456934 

1.0454860 
1.0905272 
1.1275939 

0.8472106 
0.7074545 
0.5704729 
0.4295780 

0.5974280 
0.6276506 
0.6687431 

0.7397154 
0.7690787 
0.8012181 

-<*. 6944212 
-0.7039564 
-0.7331776 
-0.7840120 

-0.4090208 
-0.5158888 
-0.6144365 

-0.7852011 
-0.8596059 
-0.9288120 

— 
47.5 
50 
52.5 

66.93 
62.77 
55.86 

40.14 
34.37 
30.57 

0 
72.6 
148.8 
232.5 

53.7 
65.5 
69.6 

76.8 
80.8 
82.0 

19 
195.1 
196.9 
199.2 

47.0 
73.9 
125.4 

268.7 
333.9 
382.9 

Table 5.1a. \.orentz factors, the preferential direction of the magnetiz-
xy I ation у and the anisotropy fields H. and H. for some 

monoclinic crystals. The easy plane is the ac-plane, 
comprising the two short axes. The angle у is the distance 
to the a-axis. The anisotropy fields are calculated accord
ing to eq. (5.3.). Only a gradual dependence on the lattice 
parameters may be observed. Four magnetic atoms are present 
in the unit cell at the positions (0 0 0), (i 0 J), (| i 0) 
and (0 { £). The anisotropy fields are calculated for a 

sample magnetization of 10 mT. 
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a/b b/c 

3.33 1. 

3.33 0.7 
0.8 
0.9 

3.33 1.1 
1.2 
1.3 

90 
95 
100 
105 

95 

95 

0.8472106 
0.8439829 
0.8343255 
0.8183161 

0.7573060 
0.8110297 
0.8352894 

0.9192463 
0.9858744 
1.0373589 

-ч 

0.6392772 
0.6913245 
0.7649991 

0.8485161 
0.8568751 
0.8737075 

-0.6944212 
-0.6879658 
-0.6686510 
-0.6366321 

-0.3965832 
-0.5023542 
-0.6002884 

-0.7677624 
-0.8427495 
-0.9110664 

-
с 
с 
с 

с 
с 
с 

Ь 
Ь 
Ъ 

А 1 ( а Т ) 

0 
~ 0 
~ 0 
~ 0 

29.7 
30.1 
17.7 

17.8 
32.4 
41.1 

Н*У(тТ) 

38 
385.0 
377.7 
365.7 

290.0 
330.1 
360.8 

424.0 
459.6 
489.7 

Table 5.1b. Lorentz factors, the preferential direction of the magneti-
xy I zation Y, and the anisotropy fields H. and H. for some 

monoclinic crystals. The long axis is in the monoclinic 
plane in this case. The preferential direction is along the 
long axis in the bc-plane. Also here, only a gradual de
pendence on the lattice parameters is observed. 
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of the magnetic aoaents. Table 5.2. shows the relevant properties of a 
crystal, in which the magnetic moments occupy a general position 
(x у z). For this table we have chosen the space group Pa, because 
(CD3ND3)2СиС1^ is supposed to belong to this group. A pronounced depen
dence on the position of the magnetic moments may be observed. 

5.5. Correction for the dipole field 

As is already mentioned in the beginning of this chapter, very often 
measurements in real systems are compared to theories which do not 
include the dipolar interactions. In order to take the effect of the 
dipole-dipole interaction into recount in many cases these are included 
in the Zeeman term of the hamiltonian, by replacing the external field 
H by the local field H. - H + H., . Here H.. is the dipole field -a —loc —a —dip —dip 
which can be calculated using the algorithm described in section 5.3. 
The measurements of the magnetization and the susceptibility of para-
magnets have been analyzed in terms of the local field and a satisfac
tory agreement with the theory obtained [4J. The correction of the 
susceptibility data is performed in the following way. The experimental 
susceptibility x = M/H is converted to the theoretical susceptibility 

6 a 
X . » M/H, by us ing H » H, + DM-LM. A t h l o c J ° а loc 

M_ M X th . . 
х е " Н ~ Н + DM-LM " 1 + (D-L)x ^ ^ . ^ . ; 

а loc Ath 

We arrive from th i s equation at the very useful expression 

X ~l - X~l + (D-L) ( 5 . 2 5 . ) 
e th 

In the case of a spherical sample of a paramagnet witV a cubic crystal 
structure the Lorentz factor L equals the demagnetizing factor D, and 
thus x " X . • F o r this reason spherical samples have been used in e th 
magnetic thermometry. 

If we use eq. (5.25.) to correct the susceptibility data on a ferromag-
net just above T , it appears that we fail to observe the divergence of 
the Initial susceptibility, which is predicted by all the different 
theories of the ferromagnetic phase transition. The divergence is ob
served, however, if we do not use (D-L) in eq. (5.25.) but D instead. 
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6 

0.0 

0.005 

0.010 

0.015 

0.020 

0.025 

0.030 

0.035 

0.040 

0.045 

0.050 

T 

а 

а 

а 

а 

а 

~Ь 

~Ь 

~ь 
~ъ 
~ь 
~ь 

H ^ d - T ) 

99.8 

99.8 

99.7 

99.6 

99.4 

100.4 

101.7 

'03.2 

105.0 

107.0 

109.3 

НА1 (»Т 

2.4 

2.3 

1.8 

1.1 

0.075 

1.2 

2.8 

4.8 

7.0 

9.5 

12.3 

Table 5.2. The preferential direction of magnetization and the aniso-
xy I tropy fields H. and H. , calculated for the case of 

(CD ND ) CuCl . The space group is Pa and the magnetic mo
ments are displaced ö in relative units along the monoclinic 
axis. Small displacements along the two remaining directions 
do not affect the results more than 1 in the last digit. 
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For a ferromagnet below T the same correction is employed, which has 
с 

been argued on the basis of the existence of a domain structure. It is 
the aim of this section to explain why in a ferromagnet just above T 
the correction term D is used, while the correction well in the para
magnetic region is applied through the term (D-L). Ve also aim to give 
an estimate of the boundary between the two regions. 
The replacement of И by H, accounts for the dipole-dipole interac
tions of all the dipoles in the sample, apart from those lying very 
near to the surface of the sample. If the sample is magnetized this 
leads to free poles which have an energy equal to 

E - | D M 2 (5.26.) 

Herein M is the macroscopic magnetization of the sample. This energy 
may be diminished by the formation of domains. T.f we assume that this 
process, which is described by magnetostatic theory, is independent of 
the magnetization process within the domains, we may write for the 
energy of the sample 

E = -a MH + (1-a) MH + l
2 D {(2a-l)M}2 (5.27.) 

In this equation we have assumed the sample to be subdivided into two 
types of domains, one parallel to the applied field, and the second 
having a magnetization in the opposite direction. The total volume of 
the parallel domains is equal to a.V, where V is the volume of the 
sample. Hence, the total magnetization N « (2a-l)M. Now, we seek that 
value of a within the range 0 to 1 inclusive, which minimizes E. The 
minimum of E is located at 

a - 2 D M + ' (5.29.) 

For H/2DM > \ this minimum is outside the range of values which are 
allowed for a. In this case the value a*l minimizes E. 
Although the preceding argument is based on the domain concept, it is 
equally applicable above T . Also in this temperature region free 
poles will appear at the sample surface on the application of an 
external field. The energy of these poles will favor a macroscopic 
magnetization M which is less than M if H/2DM < \ . This condition is 
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equivalent to the coadltlon 

X , > 1/D (5.29.) 
th 

Ue use Che cheoreCical susceptibility x . *n this expression because 
the local field H, has been used in eq. (5.27.) which accounts for loc 
the dipole-dipole interaction in the saaple. When x r h rises above the 
value 1/0, the aagnetizaCion process changes character. In this case 
it is not only determined by the microscopic interactions but also by 
the re-arrangeaent of poles on the surface. The experimental suscepti
bility in this case is given by 

X -l - x ~l * 0 (5.30.) 
e th 

where Che Cera D is caused by Che rearrangement of the poles. The value 
1/D for the theoretical susceptibility thus limits the region where eq. 
(5.30.) is applicable. In chapter 4, we attributed the existence of the 
X"-signal to the finite mobility of Che doaain walls. Froa fig. 4.2. ic 
may be seen Chat x" persists also above T , and vanishes at Che temper-

1 C 1 
ature where x' " 3°« This value may be coapared with x* * 2°» vhlch is 
calculated froa eqs. (5.29.) and (5.30.); Che difference between the 
two numbers may be due to the simple two-doaain structure of the model. 
Next we investigate the bounds of applicability of eq. (5.25.) in the 
paramagnetic region and in the presence of exchange. If we treat the 
exchange interaction in a ferromagnet in a aean field theory, an addi
tional effective field H acts on the spin under consideration. This 
field may be calculated froa 

HE - 2 Z J H (5.31.) 
N u2 

where J is the exchange interaction, у the magnetic moment, г the num
ber of nearest neighbours, and N the number of spins per unit of vol-

4» ume. Ue have to сonpare H- with H .- , which is of the order of у М. 
The molecular field constant 2zJ/Mp2 has thus to be compared to 4w/3. 
They become equal for J/k » 4 mK, where we used z«6, и"2ц„, and N -
4xl021 cm"3. The correction for the dipole field, applied in the 
above described manner, becomes important only if the exchange constant 
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is very small or if 1+ is known to an accuracy of better than a few mK. 

In the case of an antiferromagnet, the susceptibility x , exceeds the 
th 

value 1/D usually only in the vicinity of the spin-flop transition, 

or the first-order metamagnetic transition. In such cases eq. (5.30.) 

is applicable there, while otherwise a correction for the dipole field, 

(-D+L)M, has to be used outside of this region. Also here the dipole 

field has to be comparable with the exchange field, for the correction 

to be meaningful. 
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CHAPTER 6 

THE ISING MODEL IN THE PRESENCE OF A TRANSVERSE FIELD 

6.1. Introduction 

In this chapter we will give a brief review of the theoretical litera

ture which constitutes the foundation of the experiments to be describ

ed in the next chapter. It has been shown that the ground state energy 

of the d-dimensional Ising system in the presence of a transverse mag

netic field is related to the free energy of a d+1-dimensional Ising 

system in the absence of a magnetic field. This correspondence has been 

found [l] after a transformation of the hamiltonian which changes the 
Pauli spin operators into a set of fermion creation and annihilation 

operators. This can be done exactly in the case of spin-j, one-

dimensional Ising model. This transformation will be discussed in the 

sections 6.2. and 6.3. In section 6.4. some results of the series 

expansion method will be presented, which show the applicability of 

this correspondence also in 2 and 3 dimensions and in the case of 

models with a general spin S. 

6.2. Transformation of spin operators to fermion operators 

The Pauli spin operators S , S and S may be expressed in terms of the 

raising operator a = S + IS and the lowering operator a = Sx- i S^, 

In the following way 

S* = (a+ + a)/2 

Sy = (a+ - a)/2i 

SZ - a+a - | (6.1.) 

The operators a + and a resemble partly the fermion creation and an

nihilation operators in the sense that operators acting on the same 

spin obey the anti-commutation relations 
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{а.+,а.} = а.+а. + а.а.+ =1 1 i * 1 х х i l 
{ V a i } = ° 
{а^.а^} - О (6.2.) 

The latter two relations hold because a.2 = (a.+)2 = 0 for spin = £. 
However, since the operators a + and a , which act on the spin i, com

mute with every other a .+ and a , which act on spin j^i, this resem

blance is not complete. Yet •'he operators a + and a can be transformed 

into fermion creation and annihilation operators. This transformation 

is effected by the insertion of a string of operators, as is expressed 

in the following equations [ 2] 

i-1 
c. - exp(ifi I a+a ) a, 
i k-1 к к i 

i-1 
с + - a + exp(-iri I a + a ) (6.3.) 
1 1 k-1 

The anti-commutation relations between the operators с + and с can be 
shown to be identical to those of the fermion creation and annihilation 
operators. As an example we derive {c.+,c,} = 6, . and {c..c.} = 0. 

1 i ' jJ ij L i' j 
The product с +с is clearly equal to a +a , and since all the opera-
tors a, + and a, in the exponent commute with the operators a and a + к к i i 
in eq. (6.3.), also с с + = a a +. From this, and eq. (6.2.) follows 
{c +,c } • 1. This leaves to demonstrate the equation {c +,c } = 0, for 
j?4!. Suppose that j is greater than 1, then 

{с +,c } я a + exp(-ni Z a +a ) exp(iri I a +a ) a + 
i J i k=l k k k=l k k J 

j-1 1-1 
+ exp(iri Z a.+a,) a,a,+ exp(-ni Z a, +a, ) -i i к к 11 . , к к ка1 J k*l 

j-l j-1 
- а.+а. (ехр ттi E a.+a. ) + ехр(тт1 E а.+а, ) a,a,+ (6.4.) ij k-1 к к кш1 к к j i 

The expression (6.4.) can be shown to be equal to zero by the following 
equalities 



- I l l -

i ) because a +a equals e i ther 1 or 0 (see eq. (6 .1 . ) ) 

exp(iri a. a . ) - exp(-iti a, a ) (6.5a.) 

ii) from the equality a.2 = a 2 = 0 follows 

a + exp(±*i a +a ) = a + 

exp(±iri a +a ) a = a (6.5b.) 

and iii) expanding the exponent in a series and the subsequent applica
tion of the anti-commutation relation {a +,a } = 1 and eqs. (6.5a., 
6.5b.) leads to the result 

a exp(±iri a +a ) - -exp(±iri a +a ) a = -a 

exp(±iri a +a ) a + = -a + exp(±iri a +a ) = -a + (6.5c.) 

When the equalities (6.5.) are inserted in the expression (6.4.), it is 
straightforward to show that {c +,c } = 0 for j > i: 

j-l 
{c + c,} = exp(iri Z a +a.) [a + a 1 - 0 (6.6.) 

1 J k=i+l k k * J 

In eq. (6.6.) the expression [a +,a 1 denotes the commutator a +a -
i i i j 

a a +. One may demonstrate {c +,c J to be equal to zero also for i > j 
by taking the herraitean conjugate. 
The anti-commutation relation between two like operators is calculated 
in the following way (j > i) 

i-1 j-l 
{c ,c } - expCui Z a +a ) a exp(iri Г a +a ) a + 
i J k»l * K * k-1 k k J 

j-l i-1 
+ expCiïi £ a,+a, ) a, exp(ni Z a, +a, ) a. • 

k-1 k k J k-i k k l 

j - l ^ j - l 
- a exp(iri Z a,+a. ) a + a . exp(ni Z a,+a, ) a, -

1 k-i k k J J k-i k k * 

j - l 
- expOri E a +a ) [a ,a ] - 0 (6 .7 . ) 

k-i+1 K K J * 
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In a similar way {c, ,c.} is demonstrated to be equal to zero also for 
i > j, and in the case i=j this equality follows from the expression 
Ci

2 - o. 
In this paragraph we have shown that the insertion of a string of oper
ators according to eq. (6.3.) transforms the raising and lowering oper
ators, which are linear combinations of the Pauli spin operators (see 
eq. (6.1.)), to the fermion creation and annihilation operators c.+ and 
с , respectively. In the next section we will apply this transformation 
to the hamiltonian of an Ising chsin i , the presence of an external 
field. 

6.3. Transformation of the 1-d Ising model 

In this section we consider the hamiltonian of an Ising chain in the 
presence of an external field, which is applied perpendicular to the 
easy axis. We define a coordinate system with its x-axis parallel to 
the easy axis, and its z-direction along the magnetic field H. The 
hamiltonian H may be expressed in the following way 

N-l N 
H = -J E S XS* - H' E S Z (6.8.) 

i=l X 1 + 1 i=l г 

In this expression J is the antiferromagnetic exchange, N the number of 
spins in the chain and S the Pauli spin operators (6.1.). The constant 
H' Is equal to gp H, where H is the magnetic field strength. The spin 
operators appearing in this hamiltonian may be transformed to fermion 
creation and anihilation operators с + and с , by applying eqs. (6.1.) 
and (6.3.) with the following result 

H » > • - lj ^ (Cf+ - Cl)(ci+1+ + c1+1) - И' Д Cl+c4 (6.9.) 

The hamiltonian (6.9.) is a quadratic expression in the operators с + 

and c. and can therefore be diagonalized. The diagonalization is ob
tained by a linear transformation cf the operators с and с according 
to 
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In eq. (6.10.) the coefficients g, and h are real numbers. The 
transformation (6.10.) preserves the anti-commutation relations, when 
the following conditions are fulfilled 

I («kihti + 4Ai) ~ ° 

j(*kAi + hkAi) '8ы (6Л1') 

and thus also n, + and n are fermion creation and annihilation opera-
К K. 

tors. 

An inverse transformation may then be defined according to 

c i + = ^ (gki V + 4i 4) 
к 
к 

The hamiltonian (6.9.) contains the linear combinations 

C i + + Ci = I \i <\+ + V к 
c i + - c i - ? 4 i V - V (6лз-> 

к 
where ф - g + h and ф • g - h . The condition for g and 
h leads to the condition for ф, and <|/, : 

1 (фк12 + * k i ^ " * (6.14.) 

The hamiltonian (6.9.) may now be expressed in terms of the n-operators 
with the result 
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+ 1J/H' . Ф £ д + 1 (n t
+ + n t)}] = 

+ *п' t - ï E
u *kAi+ х*1.1«)(лк+" V V + V3 (6.15.) 

In order to arrive at this expression the first sum in eq. (6.9.) is 
extended to include the term with i=N, and equating the operators с . 
and c+ to c, and c,+, respectively. For a large system this extra 

N+l l l 

term may be neglected [2 J. The hamiltonian obtained in this way is 
called the c-cyclic hamiltonian and is diagonalized if 

-pki(*£i + X * £ , i + l
) = 6 k X * Ak (6.16.) 

where X = ^J/H' and Л a constant. The solution to eqs. (6.13.) and 
(6.15.) is given by [ l] 

ф - (2/N) sin ki к > 0 

- (2/N) cos ki k < 0 (6.17a.) 

ф, , - -A, -1 {(1 + X cos к) ф, л + X ф , t sin k} (6.17b.) 
ki к ki -ki 

where 

Л 2 = 1 + X2 + 2X cos к (6.17c.) 

and к - 2nm/N, where 

m - -iN , -JN + 1,.., JN - 1 (N even) 
m = -J(N - 1) , -J(N " 1) + 1 , .... i(N - 1) (N odd^ 

The hamiltonian (6.15.) then takes the form 

И - H' I A n.+n. - iH» I A (6.18.) 
k к к к k ie 

Eq. (6.18.) shows that by means of the transformation described in 
section 6.2., the hamiltonian of an Ising chain in a transverse field 
may be viewed upon as the hamiltonian describing a system of non-inter
acting fermj.ons which carry an energy Н'Л . The ground state of this 
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system is the state with no fermions present, since the values Л, are 
к 

all positive. The ground state energy is then given by 
E = - *H' Z Л, (6.19.) 

к к 

Suzuki [з] showed that the ground state energy of this system resembles 
the free energy of the 2-d Ising system without an external field. This 
similarity may also be obtained from the formula (6.19.) by associating 
Л to sinh2 (2J/kT). For a large system the sum in eq. (6.19.) may be 
replaced by an integral with the result [l] 

E = - H'N(2/TO(1 + X) E (z) (6.20.) 
о 

where z = 2/X/U+X) and E is the complete elliptic integral of the sec
ond kind. If sinh2 (2J/kT) is used in this equation instead of X and E 
is interpreted as a free energy, one may calculate the "enthalpy" by 
differentiating with respect to J/kT: 

E = JN coth(2J/kT) {l + (2/ir)(l - z2) 5K(z)} (6.21.) 

K(z) in eq. (6.21.) is the complete elliptic integral of the first 
kind. The same expression was found for the enthalpy of the 2-d Ising 
model in the absence of a magnetic field [4], and the similarity of the 
ground state energy (6.19.) and the free energy of the 2-d Ising model 
at H=0 is thus revealed. 

6.4. The d-dimensional Ising model with spin S in a transverse field 

In this paragraph we shall present some results taken from the litera
ture, on the Ising model with a general dimensionality d and spin S in 
the presence of a transverse field. 

Marland [5] derived the series expansion for the magnetization, the 
susceptibility and its field derivatives, and the 'specific heat' of 
the S-i, one- and two-dimensional Ising model at T«0 and In a trans
verse field up to the tenth order in the field parameter X. The expan
sion of these properties of the one-dimensional model are found to be 
in perfect agreement with the results of the exact calculations of 
Pfeuty [l]. The gap exponent (Д - 1.875), the exponent describing the 
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Fig. 6.1. The conjectured phase diagram for the d-dimensional Ising 
model in a transverse field. 
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divergence of the susceptibility (Y = 1.750), and the exponent В = 
0.125, obtained in the series expansion of the thermodynamic functions 
at T=0, indicate that the field behaviour at T=0 resembles the critical 
behaviour of the two-dimensional Ising model as a function of tempera
ture and at H=0. For the latter model the same critical exponents have 
been reported [ б]. The series expansion of the properties of the 2-d 
Ising model was carried to the eight order for the square lattice and 
to the seventh order for the triangular lattice. The estimates for the 
critical exponents in these two cases agree to a = 0.098(3), p = 
0.315(5), у = 1.250(20) and the gap exponent Д = 1.5(2). These values 
are within the uncertainty limits the same as those reported for the 3-d 
Ising model at H=0 [7]. 

Pfeuty et al. [в] extended the calculation to the three-dimensional 
Ising model in transverse field and found an agreement between the 
critical exponents for the field behaviour at T=0, and the critical 
exponents of the four-dimensional Ising model at H=0. These results 
make it plausible to assume that the correspondence between the free 
energy of the d+1-dimensional Ising model at H=0 and the ground state 
energy of the d-dimensional Ising model in the presence of an external 
field holds not only for the one-dimensional Ising model [3], but is 
more generally valid. 

."Suzuki's derivation of this correspondence in the S=2 Ising model has 
been extended for the case S=l by Oitmaa et al. [9]. They also showed, 
by the method of series expansion, that the critical behaviour at T=0 
of the spin S, d-dimensional Ising model in transverse field resembles 
the critical behaviour of the d+1-dimensional Ising model at H»0. 
Fig. 6.1. shows the phase-diagram in the II - T plane for a d-dimen
sional Ising model. At the point (T=0,H ) a critical poi.it is present, 

с 
which Is described by the exponents of the d+1-dimensional Ising model, 
whereas the critical behaviour at (T , H=0) is described by the expo-

N 
nents of the d-dlmenslonal Ising model. 
Since, to our knowledge, no experimental evidence is available for these 
theoretical conjectures, we undertook a study of the anisotropic anti-
ferromagnet MnCl2«4H20. The neutron diffraction measurements at very 
low temperatures as a function of magnetic field, and as a function of 
temperature at zero applied field will be presented in the next chapter. 

http://poi.it
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CHAPTER 7 

THE SÜBLATTICE MACXETIZAT10Ü OF МпС1 2 .4Н- ,0 , SEAR THE 

AirriFERROnACNETIC TO РАЯАМАСЗЕПС PHASE BOUÜDART 

7 . 1 . Introduction 

As we have already Mentioned in chapter 6, the behaviour of the Ising 

model in a magnetic field applied perpendicular to the easy direction 

has been the subject of several theoretical studies (see, for example, 

[l-4]). The properties of the Ising chain in a transverse field could 

be treated exactly [l,2], and a direct relation between the Ising chain 

in transverse field at T«0 and the 2-diaensional Ising model was ob

tained. It has been suggested [3,4] that this relation might be gener

alised for higher spatial dimensionalities, which would imply that the 

critical behaviour of a d-dimensional Ising model in a transverse field 

H at T*0 should be analogous to that of a (d+l)-dimensional Ising 

model near the critical temperature T for H * 0. We have performed 

neutron scattering experiments on the d«3 antiferromagnet MnCl ,4H О to 
verify this suggestion. The organization of this chapter will be as 
follows. In section 7.2. we will discuss those properties of МпС^.ДНО 
which are relevant to the present study. In section 7.3. some experi
mental details will be found. Section 7.4. is devoted to the presenta
tion of the sublatс ice-magnetization measurements as a function of tem
perature at H*0, and as a function of the magnetic field applied per
pendicular to the easy direction at low temperatures. In section 7.5. 
the corrections for the inhomogeneous demagnetizing field will be dis
cussed. These corrections had to he applied in order to be able to ex
tract a value of the critical exponent 0 from our measured curves. 
Finally, we will discuss in section 7.6. the results of our experiment. 

7.2. NnCl2.4H20 

Two monoclinic crysta l modifications have been reported for 
MnCl2.4H20 [ 5 , 6 ] , of which one, which w i l l be referred to as the a -
modification, i s s table at room temperature. The tf-form i s isomorphons 
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л«= а-МпП 4H О based on data of ref. [13]. Fig. 7.1. Magnetic structure of a-MnCl2.<m2u oas 
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with FeClj.AHjO [б], and will not be considered here. ct-MnCl2.4H20 
crystallizes in flat pink crystals with the {100} planes parallel to 
the large surface. The crystal structure has been determined with X-
rays [7] and neutron diffraction [в]. The crystals are shown to belong 
to the monoclinic spacegroup P2j/n with four formula units in the unit 
cell. The lattice parameters have been determined at room temperature 
with the result a = 11.186(6), b = 9.513(5) and с = 6.186(2)X, and о о о 
the monoclinic angle 8 = 99.74(4) degrees [7]. The structure may be 
described as follows. The manganese ions are surrounded by two Cl~-ions 
and four water molecules arranged in a slightly distorted octahedron, 
in which the Cl~-ions take cis-positions. These neutral octahedra are 
packed to build the crystal, and held in place by hydrogen bonds. 
The magnetic properties of this compound have been studied extensively. 
Friedberg and Wasscher [9] measured the specific heat below T = 20 K, 
and found a A-shaped anomaly at T = 1.622(5) K, which was ascribed to a 
transition to an antiferromagnetic phase. From their high temperature 
measurements they concluded that below T = 2.5 К the lattice contribu
tion to the specific heat is negligible, which makes this compound very 
suitable for studying the critical behaviour of the specific heat. 
Henry [lO] measured the magnetization and concluded from his data th.4t 
МпС12.4Н20 below T = 1.62 К becomes a simple two-lattice antiferromag-
net. Miederaa et al. [ll] derived from their heat capacity measurements 
the exchange constant (J/k • 0.057 K), and obtained a measure of the 

В 
anisotropy from the value of the spin-flop field i.e. H /H_ = 0.2, 

A C* 
where H is the anisotropy field and H the exchange field. 
Spence et al. [ 12] determined from NMR-measurements the magnetic space 
group to be P2f/n, which was corroborated by the neutron diffraction 
measurements of Altman et al. [13]. They also obtained the preferen
tial direction for the magnetic moments, which was found within the 
experimental uncertainty to be in the ас-plane, directed 2.8 (14) de
grees from the c*-direction towards the c-axis. Fig. 7.1. shows the 
magnetic structure determined in this way. 
Giauque et al. determined in a series of experiments [14-16] the mag
netic moment, amongst others, as a function of field and temperature. 
From the measured saturation magnetization the anisotropy in the g-
factor could be derived with the result g - 2.005, g. • 2.004 and g -

ö a ö b ь с 
2 .011 . Rives et a l . [17] s tudied the phase diagram of MnCl2.4H20 by 
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means of differential susceptibility measurements at various fields. 
From the values of the critical fields extrapolated to T=0 the exchange 
field (H = 1.0375(30) T) and the anisotropy fields (H„ = 0.220(5) T E Al 
and H „ = 0.380(5) T) were determined. From this study the conclusion A/ 
was drawn that the anisotropy in this compound is mainly single-ion 
anisotropy, the exchange coupling being isotropic within the accuracy 
allowed by the method employed in the experiments. From the comparison 
of the results of Yamaraoto et al. [l8], who measured the crystalline 
field splitting parameter, corrected for dipolar anisotropy, and those 
of Miedema et al. [ll], who measured an apparent crystalline field 
splitting parameter, it may be concluded that also the dipolar contri
bution to the anisotropy is small compared with th» single ion aniso
tropy. 
The critical behaviour of MnCl-.^H-O has been studied using specific 
heat, thermal expansion, and susceptibility measurements. For the spe
cific heat critical exponent the results diverge. Some authors [19-20] 
report the result a' = 0 (a logarithmic divergence of the specific heat) 
for T < T„ and a * 0.3 for T > T . For the much more anisotropic case 

N N 
of MnBr2.4H_0 similar results have been reported [21-22]. Other authors 
agree on a' « 0.1 [23-24] for the chloride, a value which is consistent 
with the behaviour of the 3-d Ising model (a = a' = 0.125 [25] or a = 
a' = 0.110 [26]). These results, however, are obtained with experiments 
in the presence of a magnetic field. In his zero-field measurement of 
the specific heat also Rives [27] was led to the result a = a' -
0.125(10), taking into account the scaling constraint a = a' in his 
fits of the power-law. MnCl2.4H20 is a suitable candidate for the ex
periments we had in mind because i) the results on a indicate Ising 
critical behaviour, ii) the observation that in many compounds the 
behaviour close to the critical temperature is determined by anisotro
pics which are very much smaller than the exchange energy (e.g. in 
(СНзГШ3)2С1Сиц close to T Ising behaviour has been found while H = 
4 mT, compared to H * 40 T, see chapter 4), iii) and the detailed 

Б 
knowledge on MnCl2.4H20 which can be found in the literature. 
7.3. Experimental 

Single crystals of MnCl2.4H20 were obtained by the reaction of 
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Temperature (К) 

Phase diagram in the H , T-plane. Open symbols are the result 
of [ 17], closed symbols of the present study. The arrows 
indicate the paths along which our measurements were perform
ed. 
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spectroscopie grade manganese metal with high-purity hydrochloric acid. 
The crystals, obtained in this reaction, were washed and recrystallized 
several times, and selected for their optical clarity. Because of the 
rather quick deterioration of the samples by loss of the crystal water, 
we did not perform any crystal shaping other than cutting it to fit in 
a 15 mm diameter spherical space, in which the superconducting magnet 
produced a field with a homogeneity of better than 1 part in 103. The 
weight of the selected crystal was 1.363 g. The crystal was coated with 
GE-varnlsh to prevent dehydration during the mounting in the 3He-evap
oration cryostat. 
The sample was oriented with the a*c*-plane coinciding with the scat
tering plane. The magnetic field was applied parallel to the b-axis, 
which is perpendicular to the easy direction. We used the [010] zone in 
our experiments because in this zone the nuclear reflections and the 
reflections due to the uniformly magnetized spin system appear separat
ed from the antiferromagnetic reflections. We chose the (300) reflec
tion to measure the staggered magnetization because of its high struc
ture factor, and of the low background due to the scattering of X/2-
neutrons from the (600) reflection. 

7.4. Experimental results 

In fig. 7.2. we depict the phase diagram obtained by Rives et al. [17] 
for HUb. The line separates the antiferromagnetic (AF-) from the para
magnetic (P-) phase. We measured the behaviour of the staggered magne
tization, the order parameter for the AF-phase, near this phase boun
dary along the paths marked in the figure. The staggered magnetization 
H is predicted to vanish according to the power-law 

Mg - В . eB (7.1.) 

where 0 is called the critical exponent, and e measures the distance to 
the phase boundary. In the zero-field experiments we set 

e ' 1 - T/TN (7.2.) 

where T is the critical temperature at H-0, and in the experiments in 
the presence of a magnetic field at constant temperature we use 
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Fig. 7.3. Intensity of the (600) reflection as a function of tempera
ture. Only a small temperature dependence is present, which 
has almost no effect on the intensity measured at the (300)-
position. 
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e = 1 - H/H (7.3.) 
с 

In eq. (7.3.) H is the critical field strength at temperature T. с 

7.4.1. Zero-field_experiments 

Before the actual measurement of the staggered magnetization, we have 
performed some preliminary experiments in order to determine the effect 
of the second order (600) reflection, on the measurements of the inten
sity of the (300). Accurate measurements near T„ of the profile of 

N 
the (300) reflection were performed to determine a possible contribu
tion of critical scattering to the measured intensity. 
If fig. 7.3. we present the results of the measurement of the intensity 
of the (600) reflection. From this figure, «-ind the result obtained in 
chapter 2, where the X/2-contribution to the neutron beam has been de
termined, it may be Inferred that the second order reflection contri
butes a constant amount to the intensity measured at (300). The back
ground due to incoherent scattering, and the nuclear (600) reflection 
is thus determined by fitting a straight line to the measurements well 
above T , and extrapolating this line towards lower temperatures. The 
slope of the line is determined to be 0.0(10) counts/(monitor count x 
K), i.e. the line is horizontal within experimental error. 

The profile of the (300) reflection has been recorded in a 0-29 scan, 
i.e. a scan in which the crystal rotates together with the counter at 
half its speed. The results were fitted to a gaussian line-shape. The 
critical scattering may contribute an extra lorentzian peak, which 
becomes particularly apparent at the wings of the profiles. 310 pro
files were scrutinized for deviations from the gaussian line-shape but 
even for the profiles measured very close to T,T no substantial depar-
tures could be detected. The residues of a typical fit at T • 1.626 K, 
I.e. 1 mK above the Néel temperature (vide infra) is presented in 

fig. 7.4. From these observations we conclude that no corrections for 

critical scattering need to be employed. 

In fig. 7.5. we present the results of our measurements of the Inten

sity of the (300) reflection as a function of temperature. Two types of 

of measurement have been employed. In the first, the Integrated Inten

sity was measured by recording a complete profile of the reflection, 
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Fig. 7.4. Typical profile of the (300) reflection, taken at T -
1.626 K. Solid line represents the fit to the gaussian line-
shape. Residuals of the fit are plotted at the bottom of the 
figure. The solid lines therein represent the 1 standard 
deviation bound of the counting statistics. 
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Fig. 7.5. Intensity of the (300)-reflection as a function of tempera
ture. Insert shows the phase transition region. Closed cir
cles represent the data originating from the complete pro
files, the open squares represent the points which were mea
sured at the maximum only. The solid line represents the fit 
to eq. (7.4.). Only about 20% of the available experimental 
points are shown. 
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while in the second only the maximum intensity was measured. In the 

figure a distinction has been made between the points originating from 

the different methods. It appears that both ways of recording the in

tensity give rise to the same results, but the former is the more time 

consuming. For this reason the points taken with the latter method are 

more numerous. In the insert the temperature region around the Nêel 

temperature is enlarged, and a sharp transition at T = 1.625(1) К can 
be observed. Similar values of T have been reported in the literature 

N 
using the specific heat da.a (TN = 1.622(5) К [ 9], TN = 1.6255(5) К [l9] 
or from measurements of the thermal expansion (T = 1.623 К [20]). 

N 
The determination of the critical exponent В was performed by fitting a 
power-law to our data. As the intensity is proportional to the magne
tization squared we used the formula 

I = В . (1 - T/T N) 2 B + bg (7.4.) 

herein, В and В are adjustable parameters, while T and the background 
parameter bg may be determined from fig. 7.5., or may be treated also 
as adjustable parameters. The results for the fits were similar in the 
two cases, and the parameters did not significantly depend on the e-
region considered in the fit. The critical exponent В obtained in the 
temperature region 5 x Ю-** < e < 8 x 10~2 is В = 0.300(3) and the Nêel 
temperature T = 1.6255(5) K. The drawn curve in fig. 7.6. represents 

the power-law with these parameters. 

The Ising model predicts a value of В (В = 0.324(6) [2б]) which is much 
closer to our observation than the predictions of the XY- and 
Heisenberg-models (B = 0.346(9) and В » 0.362(12) [26] , respectively). 
We therefore conclude from this measurement, and fr^m the results of 
the measurements of the critical exponent a, which were mentioned in 
section 7.2., that the Ising model offers the best description of the 
critical behaviour of this compound. 

Zii:.2iJ^x.Ee.£-!!!eGHs._in_£be._Eresence °* a n external field 

The preliminary experiments described in the previous section, were 

performed also as a function of applied field at constant temperature. 

The results of these experiments are similar i.e. in the determination 
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Fig. 7.6. Double logarithmic plot of the normalized sublattice magneti
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Fig. 7.7. Intensity of the (3Q0)-reflection at T » 0.53 К as a function 
of applied field. The broken line represents the fit to the 
single power-law eq. (7.4.). The solid line represents the 
least squares fit to eq. (7.6.). 
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of the staggered magnetization from the intensity data no corrections 
for critical scattering and the X/2-contribution of the (600) reflec
tion need to be applied, while the background may be determined at 
applied fields H > К . vv а с 
In fig. 7.7. we present the results of a scan at T = 0.53 K. The most 
striking difference between the data in this figure and those in 
fig. 7.5. is that the transition in the latter is sharp while that in 
the former is rounded to a great extent. This becomes even more appar
ent from a comparison between the data and the broken line in the fig
ure, which represents the best fit to the power-law of eq. (7.4.). 

The deviations from the power-law may be due to the presence of an 
inhomogeneous field in the sample. Inhomogeneity in the applied field 
can not be the cause of the rounding, as the rounding extends over a 
field range ДН/Н * 4 x 10~2 which exceeds the inhomogeneity of the 
magnet, ДН/Н » 1 x 10-^, by an order of magnitude. However, an inhomo
geneous demagnetizing field is present in the sample, because of its 
non-ellipsoidal shape. In the next section we shall show that this 
explains the rounding of our data very well. 

7.5. Correction for the demagnetizing field 

For applied fields H > H , the sample is magnetized nearly homogene-
3 "** С 

ously parallel to the applied field. Joseph et al. [28] derived for 
this case a series expansion in powers of (M/H ) for the demagnetizing 

3 
field H where M is the sample magnetization. The coefficient of the 
constant term is the integral (H is parallel to the z-direction): 

a 

V-} *M - { t ( z ' " z ) / I -' * - И d 3£' (7'5*) 

where £ is a position vector with components x, у and z. The integral 
(7.5.) can be evaluated analytically for simple sample shapes, in par
ticular also for the shape of our sample. In fig. 7.7. we present the 
results of this calculation in the form of a histogram. The value of 
the z-component of the demagnetizing field is calculated on a regular 
grid at about 5 x 10^ different positions in the sample. In the histo
gram we plotted the number of positions with the demagnetizing field in 
the range H < H. < H + 3 mT. The arrow marks the mean value < H^ > -
152.6 mT. This may be compared with the demagnetizing fields encountered 
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Fig. 7.8. Histogram of the fraction of sample points having demagnetiz 
field between H D and H + 3 mT, p 
The arrow marks the mean value of H 

ing field between H D and HD + 3 mT, plotted as a function of 
H. 
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Shape used 

Actual saaple shape 

Diaensions (вв) 

Cylinder 

Ellipsoid of revolution 

General ellipsoid 

a * II.5 
b - 8.S 
с - 5.0 

diaaeter -
height 

equatorial 
polar axis 

axes: а ж 

b -
с ж 

12.9 
6 

axis » 
ж 

13.6 
12.2 
6 

12. 
6 
8 

<*f <"T) 
152.6 

89.2 

82.1 

88.4 

Table 7.1. Deaagnetizing fields in saaples of various shapes. The 
dimensions of the ellipsoids and cylinder are chosen to 
approxiaate the actual saaple shape as closely as possible. 
The deaagnetizing fields are calculated by aeans of the 
aagnetoaetric deaagnetizing factor. Mote the considerable 
variation in field strengths introduced by the pointed 
saaple shape. 
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in ar> ellipsoidal body and a cylinder with dimensions which approxi
mate the present sample shape as closely as possible. The comparison is 
made in table 7.1. 

2 
As is clear from fig. 7.8. a considerable spread in the values of H_ 
exists in the sample, with a width of about 100 mT (ДН/Н « 5 x 10 - 2), 
which is of the same order of magnitude as the rounding in the magneti
zation data (ДН/Н я 4 x 10~2, vide supra). From this we conclude that 
the rounding may be attributed to the inhomogeneous demagnetizing field 
and that, accordingly, the interpretation of the magnetization measure-
rents have to be modified. Instead of the power-law (7.4.) we may use 
the following formula 

I(Ha, T) - £ £ B[l - {Ha - H* (r)}/Hc (T)]
2ed3

£ + bg (7.6.) 

z 
where V is the volume of the sample, and H is the z-component of the 

demagnetizing field given by (cf. eq. (7.5.)) 

H*(_r) = -M(T,H) |^ ƒ {(z' - z)/ | £' - £ |3} d3£' (7.7.) 

In eq. (7.7.) M(T,H) is the magnetization at temperature T and applied 

field H. Values for M(T,H) may be obtained from [15]. Fig. 7.9. shows 

the residuals (I„, - I . ) of the fit to eq. (7.6.), which has, like 
fit obs 

cq. (7.4.), B, 6 and H (T) as adjustable parameters. It appears that 
с 

the fits improved greatly without the introduction of extra adjust
able parameters. The values of H (T), obtained in this manner, are in 

с 
good agreement with those found in [ 17] (see fig. 7.2.). Therefore, 
we consider the values of 3, obtained from these fits, as realistic 
estimates for the critical exponent. 
7.6. Discussion 

In table 7.2. we have collected the results of our measurements at T • 
0.34, 0.40 and 0.53 K, respectively. In the table we have included also 
the value of g measured at T , to compare this with the low temperature 
measurements. Although only a limited amount of data is available, a 
systematic increase of fj for decreasing temperature can be observed. 
This behaviour is in disagreement with the smoothness theorem which 
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Fig. 7.9. a) Residuals (I-, - I , ) of the fit to the single power-law 
tit obs 

(7.4.) compared to b) residuals of the fit to eq. (7.6.). The 
data are the same as shown in fig. 7.7. 

T(K) 
1.6255 (= TN) 
0.53 

0.40 
0.34 

H (T) с 

2.205 (1) 
2.264 (1) 
2.289 (1) 

0 
0.300 (39 
0.310 (3) 

0.318 (5) 
0.328 (4) 

т / тм 
1 
0.33 

0.25 
0.21 

Table 7.2. Critical field H and critical exponent в for various 
C 26 

temperatures. Near Т., a power law I(T) « (1 - T/T„) is 
fitted, whereas eq. (7.6.) has been used for the other 
temperatures. 
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predicts the same value for the critical exponents along a single phase 
boundary. Therefore, we attribute the measured increase of 6 to the 
presence of a critical point at T = 0. Such a critical point has been 
predicted for Ising systems (see chapter 6 and [1-4]). 

In section 7.2. we gave some evidence taken from the literature, to 
show the applicability of the Ising model in the description of the 
critical behaviour of MnCl_.4H 0. The results of our measurements near 
Т., have corroborated this evidence. The requirements of the theory 
outlined in [1-4] are thus fulfilled and, accordingly, a Tossover to 
d=4 behaviour, which entails a value of g = 0.5, may be expected. In 
our experiments only the very beginning of the crossover Is observed 
which may be due to the fact that our apparatus did not allow us to 
reach temperatures close enough to T=0. 

The question whether the crossover occurs at T*0 or at a finite tem
perature has been disputed In the literature. Elliott et al. [29] found 
a crossover in the series expansion of the susceptibility at T^O, but 
conclude that this Is probably an artifact, due to limited number of 
terms in the series obtained. Oitmaa et al. [ 30], on the other hand, 
found in a different series expansion of the susceptibility a crossover 
at a finite temperature and claim this to be a real effect. 

In fig. 7.10a. we present the phase diagram of MnCl2.4H20 In the dimen-
sionless units of ref. [29]. The exchange parameter J for the case of 
MnCl,.4H.O [ill was multiplied by S2, /(з)2, where Sw - 5/2, In order L z Mn Mn 
to make the comparison with the results of ref. [29] for S=2 on the 
simple-cubic lattice. In this lattice a spin has six nearest-neighbours, 
the same number as is quoted in [11] for MnCl .4H 0. The value of Г 
(T=0) for this material is higher than that which was found in the 
series expansion of the susceptibility fo," the spin-£ Ising model. This 
reflects the fact that the spin of the Mn-atom is between the classical 

value S • » (for which 2Г /J(0) - 1) and S= \ . In fig. 7.10b. we present 
the results of our measurements of the critical exponent (J together 
with the values of у taken from refs. [29] and [30], which were obtain
ed by series expansion methods. The data are plotted as a function of 
90°-0, where the angle 0 is defined by tan 0 - 2kT /Г and is shown in 

с с 
fig. 7.10a. Although no results for @ are available from the series 
expansion, we conclude from our experiments that a crossover Is indeed 
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Fig. 7.10 a. The phase diagram of MnCl2.4H20 in dimensionless units. 
Гс is the transverse field parameter, and J(0) = zJ, where 
z is the number of nearest neighbours. The angle 0, used 
in fig. 7.10b. is indicated 
* : results taken from ref. [29] for the S= , sc-lattice 
0 : experimental data on MnCl2.4H20 taken from ref. [l7] 
ф : experimental data from the present work, 

b. Critical exponents у and 3 as a function of 90°-0. The 
angle 0 is defined in fig. 7.10a. 
+ : results for у from the series expansion of ref. [29] 

on the sc-lattice 
A : results for у from the series expansion of ref. [ 30] 

on the fcc-lattice 
• : results for (5 from the present work. 
The solid line is a guide to the eye through the data of 
ref. [29], the dashed-line segment is the variation of y, 

derived from our experimental data for 0 (see main text). 
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present for 0 > 0 (i.e. T > 0), but is probably closer to 0=0 than the 
series expansion results (0 я 15°, see fig. 7.10b.) predict. This is 
shown even more clearly if we use the experimental В values to estimate 
values for у via Rushbrooke's scaling relation a + 2g + у = 2 . 

The specific heat exponent a is obtained from this relation by insert
ing the values Y = 1.25, which is predicted for the 3-dimensional Ising 
model and is obtained from the series expansion, and the experimental 
value 0 = 0.3, which is measured at (T , H=0). The result, a = 0.15, is 

N 
slightly higher than the value predicted for the 3-dimensional Ising 
model (a = 0.125 [25]). Taking this value of о to be constant as a 
function of 0, the experimental data result in the dashed curve, which 
is well above the results of the series expansions. In fact, a is ex
pected to decrease in the crossover region towards a=0 for T=0, and the 
estimated values for у should therefore be interpreted as a lower 
limit. 
It would be very interesting to extend the present series of measure
ments towards lower temperature. For example, for temperatures in the 
region 50-100 mK as provided by dilution refrigerators, a rough extra
polation of the present data would predict an experimental value of 
В * 0.4. 
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APPENDIX 

ON THE CALCULATION OF ABSORPTION 

In this appendix the absorption calculation used in chapter 4 will be 
discussed. In order to perform the calculations, it is necessary to 
make some simplifying assumptions. These will be listed in section A.1. 
In section A.2. the actual calculations will be described, while in the 
last section some results will be compared with the experimental data 
obtained on the large single crystal of (CD3ND3)2СиС1ц. 

A.1. Problem definition and some limitations 

In the measurements of the intensity profile perpendicular to the line 
(OO5) we observed a broad maximum, centered approximately at the inter
section with this line. Since the profiles were observed in the whole 
temperature range covered in our experiments, it seemed very improbable 
that they would be of magnetic origin. We suspected the absorption of 
the abundant chlorine nuclei, which have a fairly high cross section 
for true absorption (o •* 33.2 barn at A 2 1.8 A [l]), to be the reason 
of a modulation in the intensity of the incoherently scattered neu
trons. For £ * (00c) the crystal is oriented symmetrical to the incom
ing and the scattered neutrons, and thus the shorter path of the neu

trons through the sample would lead to a maximum in the incoherent 

background. To test this we devised a method to calculate the effect of 

the absorption on the measured intensities with different ф and ф set
tings. The definition of the angles ф and ф is given in chapter 2, and 
illustrated in fig. A.1. The calculation to be described is simplified 
considerably if we accept the following limitations: 
- In the first place it is assumed that the crystal can be approximated 
by a stack of parallelepipeds, piled up in the direction perpendicu
lar to the scattering plane. 

- The next assumption is that the crystal is placed in a homogeneous, 
monochromatic neutron beam with a larger area of cross-section than 
the area of the crystal. In our experiment one of these conditions is 
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Fig. A.I. Schematic drawing of the experimental situation. The crystal 
dimensions and the angles ф and ф are indicated. The inserts 
a through с depict the three distinct situtations. a: crystal 
is in reflection, b: crystal is parallel to the beam, and c: 
crystal is in transmission. 
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fulfilled, because the diameter of the neutron beam is larger than 
the linear dimensions of the crystal. However, in the beam there are 
actually neutrons with wavelengths A/2 and 2X/3 (see chapter 2). This 
can be accounted for by performing the calculations for these wave
lengths and adding the results in an appropriate way. The condition 
on the homogeneity of the beam will also be not satisfied wholly, 
which will affect the quality of fhe fit of the calculation to the 
measured data. 

- The main attenuating process is true absorption. The goal of our 
calculations was to describe the measured profiles inbetween reflec
tions. The intensities measured are fairly low and the mosaic distri
bution is so large, that we expect the primary and secondary extinc
tion to be small compared to the true absorption by the chlorine 
nuclei. 

- The conditions relevant to the scattering of neutrons in a particular 
solid angle are the same everywhere in the sample, and thus a volume 
element scatters an amount of neutrons into the solid angle in pro
portion to the intensity of the beam which reaches that element. 
Moreover, the scattering is incoherent, so that we may add intensi
ties rather than amplitudes. 

A. 2. The algorithm 

Fig. A.1. shows the experimental situation and defines the angles ф and 
ф to be used below. The inserts in the figure show the three different 
situations, i.e. the crystal in reflection, transmission, or parallel 
to the beam. A symmetry of the problem can also be read from the 
figure: the same situation results for ф я ф' and ф' + 180 degrees. Л 
second symmetry may be recognized by considering the angles ф • ф' and 
ф ж ф-ф'. These two situations are identical except for the direction 
of propagation of the neutron beam, and have accordingly the same ab
sorption. Since the calculations are lengthy and tedious for the very 
basic algebra and geometry, we will discuss here only one of the alto
gether nine different situations. 

We begin calculating the linear absorption coefficient in the usual 
way 
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u - I v j> . (A. 1.) 
j Л Л 

where the index j runs over the constituents of the sample, and v. and 
p, are the mass absorption coefficient and the density of that element, 
respectively. The density p . is obtained by 

P . - P. (M./M) (A.2.) 
J J 

In eq. (A.2.) p is the density of the sample, M its molar mass, and M. 
the molar mass of the element j. With the data taken from [ l] and 
after correction for the energy dependence of the absorption, the re
sult of (Cl^ND^CuC^ is u » 0.465(5) cm-1. 

The next step is to divide the crystal in different regions, depending 
on the face through which the incoming neutrons enter and the scattered 
neutrons leave the crystal. In fig. A.2. one may observe the division 
in three parts I, II and III for a particular case. For very small 
values of the angle ф-, a more complicated pattern must be used. We 
proceed by defining a coordinate system with the x-axis in the scatter
ing plane, parallel to the surface of the crystal, and the y-axis also 
in the scattering plane, perpendicular to the x-axis. The origin coin
cides with a corner of the crystal as is indicated in fig. A.2. Con
sider an element of the crystal-slab with position (x,y) within region 
I. The incoming ray has covered a distance s and the scattered ray a 
distance s , which are given bv the following formulae: s 

s - y/sin ф 
s - y/sin (ф + *) (A.3.) 
s 

When the incoming ray has intensity I , and P ж p.dxdy gives the proba-
o 

bility to scatter neutrons from the element dxdy in the direction 
given by the angle ф, the intensity of the ray leaving the crystal will 
be: 

I « I . exp(-us.) . P . exp(-us ) (A.4.) 
S O 1 S 

The contribution of the region I to the total intensity Is calculated 
by integrating I over its area, according to: 

9 
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Fig. A.2. Division of the saapie into three regions, depending on the 
faces through which the neutrons enter and leave. 
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Xj U 

I = ƒ dx ƒ dy I (A.5.) 
' o o 

In eq. (A.5.) u is given by u = min {t, x tan ф, (x-x,)tan (ф+ф)} where 
t is the crystal thickness. For the regions II and III similar equa
tions may be set up, which are summarized below without discussion. 

For region II: 

s « x/cos ф 

s = y/sin СФ+Ф) (A. 6.) 
s 

I is calculated from eq. (A.4.) and is integrated according to: s 

I » ƒ dx ƒ dy I (A.7.) 
s » n s 

where u = x tan ф. 

Finally, for the third region (III): 

s = y/sin ф 

s - (x-x.)/cos (ф+ф) (A.8.) 
s л 

*3 l 

I - ƒ dx ƒ dy I (A.9.) 
s.III ^ u s 

In eq. (A.9.) u is given by u • (x-x3) tan (ф+ф). The total intensity 
measured by the detector is obtained by adding I ,, I -. and I ..j. 
This result is only valid for a limited range of ф and ф values. The 
division of fig. A.2. can be made only if the following conditions are 
fulfilled: 

0 < Xj < x2 < x3 (A. 10.) 

Since 
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xt = t/tan ф 
x2 = d + t/tan (<J>-h|>) 
x3 = d (A.ll.) 

these conditions are equivalent with *:he following conditions on the 
experimental parameters ф and ф. 

0 < ф < it/2 

(f - •) < Ф < Or " •) 
(1/tan ф) - (1/tan (ф-ty)) < d/t (A.12.) 

For other combinations of ф and ф analogous calculations can be made, 
usually more complicated than those described above, because a more 
elaborate division of the sample must be made. The basic formulae, 
however, are similar to those written in eq. (A.9.). It Is for this 
reason that we do not present them here. 

The results obtained up to this stage are valid for a parallelepiped. 
To achieve results for samples of other shape, we approximate these by 
a stack of thin parallelepipeds, and add the intensities scattered from 
each element. A computer program has been written, which performs the 
calculation sketched above. In the next section some results will be 
compared with the experimental data. 

A.3. Comparison with experimental data 

In fig. A.3. we present the results of both experiment and calculation 
for different scans perpendicular to the line (OO5). The lines drawn 
through the datapoints represent the output of the program, described 
in the previous section. Apart from a scaling factor, which is deter
mined in the case of ? * 5.58, no adjustable parameters have been used 
to calculated the intensities. We have used the following parameters: 
diameter (d) of the sample d • 30 mm, sample thickness (t) 
t • 1 mm, and the linear absorption coefficient у * 0.465 cm-1. The 
sample has been approximated by a stack of 11 parallelepipeds. Although 
differences are found between the curves and the measured data, we con
clude from these results that the broad structure, measured in these 
scans is indeed due to the absorption effect. The differences between 



- 150 -

а 

Fig. А.З. Intensity profiles measured perpendicular to the line (00c) 
in (CD3ND3)2CuCl4 at T = 196 K. a: ? - 5.58, b: X, = 3.58, 
с: С • 2.4. Dravm lines are the results of the calculation 
described in the text. The factor used to scale the calcula
tions was determined at q * -0.17 A-1, r, = 5.58. 



the calculat ions and observed data are probably due t o  the fac t  that 

the thickness of our sample is not constant along i t s  diameter. How- 

ever, correction f o r  t h i s  e f f e c t  w a s  not attempted, because t h i s  would 

carry us beyond the goal a t  which we aimed. 
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