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Chapter I Introduction 

The investigations described in this thesis concern the crystal lographic and 

magnetic properties of the quasi one-dimensional (Id) ferromagnetic system 

(C6DnND3)CuBr3 (or CHAB) and the II-V type diluted magnetic 

semiconductor (Zn|.xMnx)3As2 (or ZMA). Both compounds have been studied 

with various neutron scattering techniques. The crystallographic properties of 

CHAB and ZMA have been investigated by neutron diffraction. These 

diffraction experiments were carried out at the High Flux Reactor (HFR) at 

Petten. For the investigation of the static and dynamic magnetic properties 

of CHAB we performed neutron scattering experiments in Petten as well as 

other European reactor institutes. These investigations comprise a study of 

the 3d long-range order and the Id correlations of the magnetic moments, 

and a study of the behaviour of the linear spin-wave excitations. The 

analysis of the Id correlations by means of quasi-elastic neutron scattering 

experiments was started at the BER II reactor of the Hahn-Meitner 

Institute (HMI) in Berlin, F.R.G. The measurements were supplemented and 

completed with similar experiments at the HFR in Petten. The inelastic 

neutron scattering experiments to study the spin waves in CHAB were 

hampered by the very small inelastic one-magnon scattering cross-section, 

and hence the use of instruments with a very high neutron flux in 

combination with a low instrumental background was necessary. We have 

studied the low-energy part of the spin-wave dispersion relation of CHAB 

at the Rise National Laboratory (RNL) in Ris0, Denmark, using triple-axis 

spectrometers that operate with neutrons from a cold source. In addition we 

performed inelastic scattering measurements with thermal neutrons on the 

triple-axis spectrometer IN8 of the Institute Laue-Langevin (ILL) in 

Grenoble, France. In the next section of this introduction we will consider 

the general interest in low-dimensional magnetic systems and the specific 

motivation for our present research on the Id system CHAB. In the last 

section of this chapter attention is paid to the diluted magnetic 

semiconductor ZMA. 
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LI CHAB 

The physical properties of low-dimensional magnetic systems have been 

studied, theoretically as well as experimentally, for a large number of years. 

Among the various reasons for this long-lasting interest we will stress a few. 

First, the mathematical description of many-body systems in two dimensions 

(2d) or one dimension (Id) can be less complex in comparison with a 

description of a similar three-dimensional system. One-dimensional systems 

in fact form the simplest model class of non-trivial many-body systems. 

Secondly, despite of their simplicity, one-dimensional systems show a large 

variety of quite unexpected features, which result from the inherent strong 

fluctuations and are not, or to a less extent, present in 2d or 3d systems. 

In this respect we mention the non-linear soli ton excitations, which have 

been observed in some Id magnetic systems with easy-plane anisotropy. 

Next, chemical research has led to a large number of excellent realisations 

of low-dimensional systems, thus giving the opportunity of experimental 

verification of the theoretical predictions. 

In general, magnetic systems have the advantage of a good experimental 

accessibility. Various experimental techniques such as magnetic heat-capacity, 

heat-conduction and susceptibility measurements, and resonance techniques 

like electron spin resonance (ESR), nuclear magnetic resonance (NMR), 

nuclear spin-lattice relaxation (NSLR) and far infrared spectroscopy (FIR) 

have been applied to study these systems. Furthermore, because of the 

interaction of the neutron with the magnetic moments in the samples, 

neutrons can be used to probe the magnetic properties. The quantity 

measured by neutron scattering is the dynamic structure factor S(Q,w), 

which describes the space-time Fourier transform of the two-spin correlation 

function € 50(0) Sa{t)). The conservation of momentum and energy in 

neutron scattering processes allow the determination of the dynamic structure 

factor for various values of Q and u. Apart from the freedom to choose 

specific momentum and energy transfers, S(Q,w) can be determined as a 

function of, for instance, temperature and applied magnetic field. 

The compound CHAB, which is the subject of the first part of this thesis, 

is a very good realisation of the one-dimensional ferromagnetic S = 1/2 

model system with small easy-plane anisotropy. During the last eight years 
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CHAB has been extensively studied by means of various experimental 

techniques like magnetic specific heat [1-4], magnetisation [4-8], 

susceptibility [6,7], electron spin resonance (ESR) [9-12], nuclear spin-lattice 

relaxation time (NSLR) [2,8] and thermal conductivity measurements [13]. 

These experiments demonstrated that at low temperatures the small 

anisotropics in the exchange interaction J have a very significant influence 

on both the magnetic excitation spectrum and the thermodynamic properties. 

Heat-capacity measurements in zero field characterised the one-dimensional 

character, whereas FMR experiments yielded precise values for the amount 

of easy-plane anisotropy. This type of anisotropy in principle allows the 

existence of soliton excitations, which has first been pointed out by Mikeska 

in 1978 [14]. He showed that under certain approximations (classical spins 

confined to the XY-plane, continuum limit, presence of a symmetry-breaking 

magnetic field), in magnetic systems with XY-anisotropy the equation of 

motion of the spins can formally be transformed into a sine-Gordon 

equation. This equation supports, apart from the linear spin waves, the 

non-linear kink soliton excitations. Despite the fact that the above 

approximations are not fulfilled for CHAB, evidence for the actual presence 

of this kind of excitations have been obtained from measurements of the 

excess heat capacity C{B) - C(B=0) [2,3]. In this case even the qualitative 

behaviour of the observed AC cannot be described by linear excitations. A 

more detailed analysis revealed that this agreement between the sine-Gordon 

model and the experimental data largely resulted from an accidental 

canceling of quantum effects and the effect of spin-components out of the 

easy plane [3]. In contrast to AC, the NSLR time measurements could be 

described satisfactorily by linear excitations only. This is due to the fact 

that in the experimental temperature and field range the contribution of 

sohtons to T," is too small to be detected [8]. 

The interesting properties summarised above have been our motivation to 

further investigate the Id system CHAB by means of neutron scattering. 

Especially for this purpose, deuterated single crystals have been synthesised. 

The organisation of the part of this thesis dealing with CHAB is organised 

as follows. In the first part of chapter II some aspects of neutron scattering 

theory are reviewed that are used in the interpretation of the experimental 

data. The second part of this chapter deals with the experimental facilities 

for neutron scattering experiments. We discuss the various spectrometers and 
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ditfractometers which have been used in the course of the present 

investigation. In chapter III the synthesis of deuterated CHAB and the 

determination of its crystal structure by means of single-crystal neutron 

diffraction will be discussed. Furthermore, a survey is given of the relevant 

magnetic properties of CHAB known at present. The next chapter (IV) deals 

with some static magnetic properties. In the first part of this chapter we 

report the observation of the development of long-range 3d order, induced 

by the very small interchain interactions. To this end we monitored the 

intensity of a magnetic Bragg reflection as a function of temperature. The 

experimental data are compared with a mean-field prediction. In the second 

part of this chapter magnetisation measurements in fields up to 5 T along 

the c-axis are discussed. The experimental data will be compared with the 

results of classical and quantum transfer-matrix calculations. Furthermore, 

the magnetisation data will be interpreted in terms of two types of 

elementary excitations, magnons and solitons, which are present in CHAB. 

The in-chain spin correlations form the subject of the last part of chapter 

IV, where we review our quasi-elastic neutron scattering experiments. In 

these experiments the scattering profile observed in scans parallel to the 

chain direction is related to the quasi-static spin-spin correlation functions 

c S f s£>. The width of the scattering profile can be interpreted in terms of 

the inverse correlation length. The experimental data will be compared with 

the predictions of several classical and quantum model systems. Finally, in 

chapter V the results of our inelastic neutron scattering experiments, aimed 

at the observation of the linear spin-wave excitations in CHAB, are 

presented. These measurements yielded the low-energy part of the spin wave 

dispersion relation, which will be interpreted by linear spin-wave theory. 

1.2 ZMA 

Diluted magnetic semiconductors (DMS's) like the II-V type compound 

(Zn1_xMnx)3As2 are ternary semiconductor alloys in which a part of the 
2+ non-magnetic metal ions has been replaced by magnetic ions such as Mn 

In these compounds the magnetic exchange interaction between the magnetic 

ions is mediated by the itinerant band electrons. The observation in many 

DMS's of a transition to a spin-glass state at low temperatures for Mn 

concentrations well below the percolation limit indicates that the interaction 
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between the magnetic ions is not limited to nearest neighbours. Taking the 

long-range character of the interaction into account, the so-called extended 

nearest-neighbour pair approximation (ENNPA) model yielded a fair overall 

description of heat-capacity, magnetisation and susceptibility measurements 

on ZMA and many other DMS's [15]. In the case of ZMA the calculations 

were based on the crystal structure of Zn3As2, as reported in literature [16]. 

Furthermore, a random substitution of Zn by Mn atoms was assumed. 

In the last part of this thesis, chapter VI, we pay attention to both these 

crystallographic aspects. In order to determine the crystal structure of ZMA 

for various Mn concentrations x, neutron diffraction experiments have been 

performed on powdered samples with x ranging from 0 to 0-2. Rietveld 

profile analyses, discussed in chapter II, have been performed to obtain the 

crystal structure of these samples. The assumption of a random distribution 

of the Mn atoms over the lattice cannot easily be verified. Apart from the 

neutron powder diffraction measurements mentioned above, diffraction 

measurements on single crystals were performed to investigate this item. 

Furthermore, the samples were examined with electron probe micro analysis 

(EPMA). This technique yields information on the composition of the 
3 

samples on a macroscopic scale of ~ 1 pm . In the discussion of chapter VI 
special attention is given to the implications of the obtained crystallographic 

results on the predictions of the ENNPA model. 

Parts of the contents of this thesis have been published previously: 

Chapter III : 

G.C, de Vries, R.B. Helmholdt, E. Frikkee, K. Kopinga, W.J.M, de Jonge 

and E.F. Godefroi, J. Phys. Chem. Solids 48, 803 (1987). 

Chapter IV : 

K. Kopinga, VVJ.M. de Jonge, M. Steiner, G.C. de Vries and E. Frikkee, 

Phys. Rev. B 34, 4826 (1986). 

K. Kopinga, A.M.C. Tinus, W.J.M, de Jonge and G.C. de Vries, Phys. Rev. 

B 36, 5398 (1987). 
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Chapter V : 
G.C. de Vries, E. Frikkee, K. Kakurai, M. Steiner, B. Dorner, K. Kopinga 
and W.J.M, de Jonge, Physica B 156 & 157, 266 (1989). 

Chapter VI : 
G.C. de Vries, E. Frikkee, R.B. Helmholdt, K. Kopinga and W.J.M, de 
Jonge, Physica B 156 & 157, 321 (1989). 
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Chapter II Neutron scattering, theory and instruments 

In the majority of the experiments described in this thesis neutron scattering 
techniques have been employed. In this chapter theoretical and experimental 
aspects of these techniques will be considered. The first part of this chapter 
deals with elementary neutron scattering theory as far as it is directly 
related to the interpretation of the experimental data. The interaction of the 
neutron with the nuclei in the sample as well as the interaction of the 
neutron with an array of magnetic moments are shortly outlined. In the 
second part the experimental facilities, i.e., the various spectrometers and 
diffractometers that have been used in the experimental investigations, will 
be discussed. 

2.1 Theory of thermal neutron scattering 

In this section some aspects of the theory of thermal neutron scattering will 
be outlined. We will first consider the case of a thermal beam of neutrons 
incident upon a sample (target), with which the neutrons will interact 
according to a general interaction potential V. Both the neutron and the 
sample will undergo a transition from the initial state (i) to the final state 
(f). In the following subsections the special cases of elastic nuclear scattering 
and (in)elastic magnetic spin-only scattering will be discussed. 

'it-"* A neutron with velocity v can be characterised by a plane wave e ' with 
- • 

wave vector k and energy E according to 

k = mnv/Ji , 

E = TiV/2mn , (2.1) 

_OA _27 

with h = 1.055x10 Js and the neutron mass mn = 1.675x10 kg. The 
spin angular momentum of the neutron is taken into account by the 
function *(<;), hence the initial state of the neutron can be described by 
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- 1 / 2 i k »"* 
I ki, a{> = V l'1 e *(*i) , (2.2) 

where V ' is a normalisation factor, i.e. the density of neutrons equals 

V . The state of the sample before and after the scattering process is 

described by sets of quantum numbers iij and nfi respectively. The 

probability per unit time W(i-*f) for the transition of the total system from 

the initial state In;, kj, a{>, to the final state |nf, kf, af> is given by 

Fermi's Golden rule 

W(i-f) = ^ |<n f ) k f , fff|V|*i, *i, a i > | 2 ^ f ( E f ) , (2.3) 

where p? (£f) is the density of final scattering states per unit energy, and V 

is the interaction potential that causes the transition. The number of states 

with energy between Ef and Ef + d£f is given by 

dkf 
, * (Ef) dEf = - — j - . (2.4) 

k f (2TT)7V 

2 * *f 
With dkf = kf dJtf dfi , and dEf = dk{ it follows 

mn 

rt{Ef) = - ^ 3 - T dn . (2.5) 

To obtain the cross-section d<7, W(i-»f) must be divided by the incident 

flux, which is equal to the velocity v; times the density V of the 

neutrons. Hence from Eqs. (2.3), (2.5) the differential cross-section dcr/dfl 

for scattering into a solid angle dfi is given by 

d£ 
dfi 

mnV] 

27rfi2 

k{ 1 1* 1 i n i» 12 
F |<u f > k f, j f | V | j i I f k lf ff,>T • (2-6) 

For elastic scattering the factor kj/k^ equals 1 and can be discarded, for 

inelastic scattering it is convenient to incorporate the condition of 

conservation of energy into Eq. (2.6) [1] : 
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d2tr "f»**»0* 
dil d£ üi.ki.ai 

mnV 
i 2 

J7 |<B f , kf> <Tf\V\Bi, ki, ffi>| • 
2 Th 

£(?iu; + £ „ - £ „ ) , (2.7) 

where hu is the neutron energy loss, 

*" = hr ^ ~kf2) = E i - E f (2.8) 

The cross-section Eq. (2.7) relates to specific initial and final states of the 

sample, and spin states of the neutron. The total double differential neutron 

cross-section is given by [1] : 

d _ 0 _ 
dft dE 

mnV 

271-0-' 
1^ 1 pHiPai 1 ! < n f ' ^ ' a f l^ l n i ' *i» ai>\ 

nU(Ti Jïf,<7f 

6{tiu + En - En ) , 
n i f ' 

(2.9) 

with p . p the normalised probabilities of initial target states n-u and 

neutron spin states a^ respectively. This master formula is the starting 

point for the derivation of the cross-sections in the more specific cases of 

elastic nuclear scattering and (in)elastic magnetic spin-only scattering. These 

special cases are discussed in the following subsections. 

2.1.1. Nuclear scattering 

In this subsection the derivation of the elastic coherent scattering cross-

section for an array of atoms on a crystal lattice will be outlined. We 

notice that at present no complete theory describing the nucleon-nucleon 

interaction is available, i.e., the exact expression for the interaction potential 

V in Eq. (2.9) is not known. However, because the range of this interaction 
-15 (of the order 10 m) is much smaller than the wavelength of thermal 

neutrons (order 10" m), the neutron-nucleus scattering is isotropic. In 

order to describe the scattering by a nucleus at position Rj, a 6-function is 

introduced as pseudo-potential [1] : 
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vft = Htbl *?""ftl) • (210) 

where the t irameter öi, the so-called scattering length, reflects the strength 

of the interaction. The scattering length b\ depends on the particular isotope 

and on the nuclear spin orientation with respect to the neutron spin. The 

interaction potential of a rigid array of N nuclei is then, according to Eq. 

(2.10), given by 

V(?) = *g- I bi tf(r - R,) . (2.11) 

-» -» 
The matrix element <kf | V) kj> can now be written as 

ikj-7 -• -» o *2 , N r -ikf r _> 
< k f | V | k i > = ^ V"1 I ^ d?e Sp-Ri) 

n 1=1 J 
e 

o ^ 2 , N -iQ-Ri 
2 7 r* V"1 I In e , (2.12) mn 7=1 

with Q defined as 

Q = kf - kj . (2.13) 

The vector Q is known as the scattering vector. The cross-section Eq. (2.9) 

becomes 

d2 Jtf _ N -iQ.Ri 2 

dTTdË =Ti I Pnfoi 1 l<flf ' ' f l ^ j fal e | j , i ' a i > l ' 
ni,o"i n f,jf 

*(ftw + £n. - Enj) . (2.14) 

-iQ-Ri 
Since the nuclei are rigidly bound, the term e does not operate on 
the target states flj, flf. The matrix element is therefore proportional to 

<«fl»l> - ln.B. , (215) 
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which means that there is just one non-zero term for Hf = nj in the sum 
over üf. Eq. (2.15) implies that E = E and hence the scattering is 
elastic. Eq. (2.14) can be reduced to [1] 

J g = I . b ï - b i e , (2-16) 
a " 1,1' 

where the quantity b\> b\ is the value of b\> b\ averaged over the random 
nuclear spin orientations and random isotope distributions. We may write 

b\. h= | b | J + 6U. ( l o f ' - \b\2) . (2.17) 

Substituting Eq. (2.17) into Eq. (2.16), the cross-section can be written as 
the sum of two contributions, 

3H = [dÏÏjcoh
 + Mincoh ' ( 2 1 8 ) 

where the coherent cross-section is 

^ = |b|2 H e '2 

icoh j _ | 
[ l ] r . = HI* IZ.« I2 , (2.19) 

(note that the coherent scattering cross-section of an element, <rcoh equals 
_ o 

47r|b| ) and the incoherent cross-section 

( a L * = " ( | 6 | 2 - | ï | 2 ] ' (2-20) 

These two terms behave very differently. The coherent scattering cross-
section exhibits interference effects between the scattered waves from 
different nuclei, and thus contains information on the sample structure. The 
incoherent term, on the other hand, is isotropic, because deviations from the 
average scattering potential are randomly distributed, and therefore cannot 
give interference effects. Especially in the inelastic scattering measurements 
on CHAB (cf. chapter V), this incoherent elastic scattering has been a 
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severe problem since it significantly contributed to the background intensity. 

We will now discuss the case of elastic scattering from atoms bound in a 

periodic crystal structure. The crystal is assumed to consist of N unit cells, 
-* 

each cell containing Af atoms at positions Rj with respect to the origin of 
this cell The generalisation of Eq. (2.19) to this case yields [1] 

[aaL = J v I ^ § «t3 - » ) IF„(?H* . (2.2i) 

with N = the number of unit cells in the crystal 

v0 = the volume of the unit cell 

T = a reciprocal lattice vector = ha* + Jrb* + ic*, 

where a , b and c are the basic vectors of the 

reciprocal lattice (a* = 2* (b * c)/v0 , etc.). 

The nuclear unit-cell structure factor Fn(r) is defined by 

M _ iQR; 
Fn(Q) = I *>j e , (2.22) 

with bj = the coherent scattering length of the atom with index j in 

the unit cell 
- » - » -* 

Q = the scattering vector = kf - Iq 

Rj = Xja + .Vjb + ZjC , where a, b and c are the basic vectors 

of the unit cell, and Xj, jj and z} are the fractional 

atomic coordinates ( 0 < Xj < 1, etc.). 

Eq. (2.22) is only of interest for Q = r. From the scattering diagram given 

in Fig. 2.1 it can be seen that this condition corresponds to the well-known 

Bragg law 

2k sin0 - T or 2d sin0 = A . (2.23) 

Here 20 is the scattering angle, A is the neutron wavelength which is equal 
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Fig. 2.1 ottering diagram 
showing Brcj's law in reciprocal 
space. Coh-'.r nt elastic scattering 
occurs whc- Q equals a reciprocal 
lattice vec jr T. 

to 2r/k, and d is the distance between the lattice planes corresponding to a 
reflection with Miller indices (hkl). The product Q-Rj in Eq. (2.22) can be 
rewritten for Q = T yielding 

M 2iri (hx, + ky; + te.) 
Fj(?) = I öj e J J }) (2.24) 

Eqs. (2.21), (2.24) are the fundamental theoretical tools for the 
interpretation of our diffraction experiments. 

2.1.2 Magnetic scattering 

Analogous to the case of nuclear scattering, the derivation of a formula 
describing the cross-section for magnetic scattering starts with Eq. (2.9). For 
V in this equation, the interaction potential between the magnetic moment 
of the neutron and the magnetic field B(R) generated by the electrons in 
the target, has to be inserted. This potential is given by [1] 

V = -A-B(R) = -7/x,f a-B(R) , 

•24 

(2.25) 

-7 2 
with /x0 = the permeability of vacuum = 4TT*10 N/A 

(i = the magnetic moment operator for a neutron 
7 = the gyromagnetic ratio of the neutron = -1.913 
/ij = the nuclear magneton = ^B/1836.1 

/iD = the Bohr magneton = éh/2me - 9.274*10"'" J/T 
a = the neutron spin operator. 
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In the experiments covered in the present work, the samples contain 

magnetic ions in which the magnetic moment is almost entirely due to the 

spin angular moment of the unpaired electron(s), i.e., the orbital moment is 
2+ either quenched by the crystalline electric field (Cu , S = 1/2) or absent 

2 + "* "* •* 

(Mn , S = 5/2). The magnetic field B(R) induced by an electron spin S at 
- • 

a distance R is then given by 

B(R) = H curl [ (-mS) - R / [R|3 ] , (2.26) 

according to the classical theory of electromagnetism. In Eq. (2.26) the 

factor g is the Lande factor and jig i s t n e B°nr magneton. 

In the remaining part of this section we will not give the details of the 

derivation of the magnetic scattering cross-section (these can be found in 

Ref. [1]), but merely present some theoretical results which have been used 

in the interpretation of our experimental data. In contrast to the previous 

section dealing with the theory of elastic nuclear scattering, the theory of 

the magnetic scattering given here will include the time-dependence of the 

target states. 

For a system of magnetic ions with only spin angular momentum, the 

scattering cross-section is related to the space-time Fourier transform 

,u) of the time-dependent two-spin correlation function G ^ r . t ) : 

S°0(Q,U) S i Jdl t** % A' G*(7,0 , (2.27) 
-OB 

where the correlation function G°^(r,t) is defined as 

Ga/?(r.O = <S£(0) S${t)> . (2.28) 

Here a, 0 - x, y, z, and € > denotes the thermal expectation value. 

Ga^(r,t) is the probability of finding the /̂ -component of the spin at 

position 7 and time t equal to Sy(t), given that the a-component of the 

spin at the origin is S (0) at t = 0. In the literature several different 
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names for S*^(Q,w) are used, e.g., spectral function, scattering function, 

scattering law, dynamic form factor and dynamic structure factor. For a 

beam with unpolarised neutrons, the double differential magnetic cross-

section per unit solid angle ft and per unit "energy" u (u = E/h) is given 

by [1] : 

JHnfc = " (7'e)2 F WSJ! 2 ^ ( ^ " QaQo) S^(Q^) , (2.29) 
1 *,P 

with N = the number of unit cells in the crystal 

re = the classical electron radius, e2/(4«0mec2) = 2.818» 10"15 m 
-19 

e = the electron charge = 1.602» 10 C 
-31 

me = the electron mass = 9 109*10 kg 
-12 c0 = the permittivity of vacuum = 8.854» 10 F/m 

c = the speed of light = 2.998» 108 m/s 

f (Q) = the magnetic form factor of the magnetic ions in the 

crystal 

Qn — the o-component of the unit scattering vector Q/|Q| 

The factor (6^ - QnQf\) in Eq. (2.29) implies that only spin components 

perpendicular to the scattering vector Q contribute to the magnetic 

scattering. The form factor f(Q) accounts for the fact that the magnetic 

moment of each ion is not concentrated at the site of the corresponding 

nucleus. It is defined as the Fourier transform of the spin density associated 

with the magnetic ion. 

correlation function G^r . t ) into two parts. With the definition of the net 

In the following discussion it will be advantageous to separate the two-spin 

correlation function G^r . t ) into two 

two-spin correlation function G„ (r,i), 

(#*(?,!) = € Sj(0) $ ! ) > " € S°(0) 1 C S£(t) > , (2.30) 

we obtain 

C<ftr\i) = Gf(lt) + < Sj(0) > C $ 0 » 

= Gj0(r,t) + CS£»cs£» , (2.31) 



17 

where use has been made of the identity fS?(i)> = CS?>. Inserting Eq. 
(2.31) into Eq. (2.27) the following result is obtained 

i | d « e - i - £ e
i « ? < ^ ( 0 ) , « s S ( 1 ) > 

- • 

where S^(Q,u) is defined as the Fourier transform of G^(r,t), similarly to 
Eq. (2.27) : 

Sf(Q,U) ^ ± } ét e"* I e JQ ? G^(r,0 . (233) 
- • 

The function G^(7,t), or its counterpart in Q, u space S^(Q,u), describes 
the deviations (fluctuations) from perfect long-range order. The part of 

that does not change in time (cf. Eq. (231)) yields the second 
term in the right-hand side of Eq. (2.32). This term describes the elastic 
neutron scattering (u) = 0, if = Jr;). With the definition of the differential 
cross-section -r£ as 

- J dihiË dE = j dirkdu > (2 3 4> 
dff 
an 

where the integration over the energy is performed at constant Q, the cross-
section for elastic scattering is found to be : 

da m = N(yre)
2 |f(Q)|2 

elast. 

I (*n0-QnQp)2;e i C H cS£>fSO> (2.35) 
<*J 7 ° r 
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Eq. (2.35) is non-zero for long-range ordered periodic magnetic structures 

(CS?» i 0), and gives rise to magnetic Bragg diffraction peaks at 

Q = rhki. The reciprocal lattice vectors Thkl are related to the magnetic 

unit cell of the structure. 

As an example, in an ordered ferromagnet with all spins pointing in the 

x-direction, Eq. (2.35) yields 

da « - • - " * 
m elast. 

= *(7r«)2 \f(Q)\2(l-Q*)€SK>2lJ(*1 , (2.36) 
r 

with 

£ e iQT = {£]_ £ ^Q_ ? h k l ) f ( 2 3 7 ) 

* ° rhkl 

where v0 is the volume of the unit cell. The ^-function in Eq. (2.37) 

constitutes the Bragg relation for a three dimensional (3d) spin lattice. 

In the special case of a one-dimensional (Id) magnetic system, T only has 

one significant component, for instance the z-component. In that case the 

6-function in the right-hand side of Eq. (2.37) reduces to 

I HQ - ?hk.) = I *(Qz - rz) (2.38) 
r hkl r hkl 

The Bragg condition is satisfied if the z-component of Q (along the chain 

direction) equals a reciprocal lattice distance along that direction. The other 

components do not enter the problem, i.e., a magnetically ordered Id lattice 

gives rise to diffraction in Bragg planes in reciprocal space, perpendicular to 

the chain direction. Similarly, an ordered 2d lattice leads to Bragg rods of 

intensity in reciprocal space, perpendicular to the ordered planes. 

Next, after having discussed the time-independent part of the scattering, i.e., 

the implications of the second term in the right-hand side of Eq. (2.32), we 

will now turn to the time-dependent part of Eq. (2.32) which is described 

by 5" (Qi1*') The double differential cross-section involving this term is 
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given by : 

^ h - N M
2 ^ | f (Q) | 2 I ( 4 * - Q«Qp) sf(Q,u) . (2.39) 

Thus, by measuring the inelastic cross-section information about S^(Q,tt/), 

and hence about the fluctuations and in particular the excitations in the 

sample, can be obtained. As an example, the linear spin-wave excitations in 

CHAB have been studied by measuring the inelastic neutron scattering 

cross-section. The results of these experiments, as well as a derivation of a 

theoretical expression for S^(Q,u) using linear spin-wave theory, will be 

presented in chapter V. Apart from this, the term S^(Q,w) in Eq. (2.39) is 

important because with the aid of linear response theory it can be related to 

the generalised static susceptibility tensor x (Q)- This thermodynamic 

quantity, which reflects the linear response of a magnetic system to a static, 

spacially modulated field, is defined by 

dHa{Q) 
(2.40) 

with Ha(r) = elC*'r Ha(Q), the magnetic field modulated with Q, 

and \r(r) = e ^ ' r hi (Q), the induced magnetisation modulated with Q. 

The space-time Fourier transform of G^(r,t), S„ (Q,w), is coupled to the 

generalised susceptibility, using the fluctuation-dissipation theorem [1], 

according to the relation 

kBT 

Mo [g MB) 

+B 

<*(5) = j da; 1 - e 
-na//kBT 

fuJfk^T 
sf(Q,u) , (2.41) 

with kB = the Boltzmann constant = 1.381» 10 J/K 

g = the Lande factor for the magnetic ions. 

At Q = rhk], x (Q) corresponds to the familiar susceptibility for a 

ferromagnet and to the staggered susceptibility for an antiferromagnet. 
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Eq. (2.41) can be simplified if the so-called quasi-elastic condition 

KLJ I kBT € 1 

holds. In this case the "detailed balance" factor 

(2.41) reduces to unity, and Eq. (2.41) yields 

1 - e 
-?iu>/kBT 

nüfk^T 

(2.42) 

in Eq. 

k B T +0D 

V - 2 ^ ( Q ) = } dWS?"(Q>w) »S?»(Ö) 
H (« Pn) 

- X 

(2.43) 

From the definition of the function S^(Q) in Eq. (2.43), and using Eq. 

(2.33) it is easily deduced that 

S^(Q) = l A1 G*(?) , (2.44) 

with 

G?fa) = (#"(?, « = 0) = «S°(0) sf(0)> - «Sj(0)> «sf(0)> 

= «5o 5f> o r (2.45) 

Gn (r) is the static two-spin correlation function. Using the definition Eq. 

(2.34), the Eqs. (2.39) and (2.43) can be combined, yielding 

dn N(?r e ) 2 | f (Q) | 2 I ( ^ - Q « Q p ) 
a,/? 

k n T 

tt> [ga^n) 
2 x^(Q) 

(2.46) 

From an experimental view, a measurement of the differential cross-section 

T7T (Eq. (2.46)) can be much simpler than the determination of the inelastic 

cross-section (Eq. (2.39)) by an energy analysis of the scattered neutrons. 

This latter technique has been applied to obtain information about the 

magnon dispersion relation in CHAB (cf. chapter V) where a full knowledge 

of Sn (Q,v) is essential. For the determination of the correlation length 

along the chains in CHAB (cf. chapter IV), information about Sn^(Q), or 
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its counterpart G^/(r) in real space, is sufficient. In general, however, the 

measured intensity is not directly related to S^(Q) or to the static 

correlation function G„ (?)> since the scattering vector Q for : nelastically 

scattered neutrons changes with changing final neutron energy Ej. This 

implies that the integration over w (cf. Eqs. (2.34) and (2.43)), which is 

actually performed by the spectrometer when the analyser is removed (cf. 

section 2.2), is not carried out at constant Q [2,3]. This can be illustrated 

as follows. From Eq. (2.1) it is directly derived that for small energy 

transfer A E 

Ak = ±AE . (2.47) 

Hence, depending on AE, the scattering vector Q changes its length and its 

direction. If we wish to determine the static correlation function directly, 

i.e., using Eqs. (2.43) and (2.46) without measuring 5„ (Q,w), we must 

require Ale, and hence AE, to be small. This condition is satisfied if the 

time it takes a neutron to pass a region of correlated spins is small 

compared to a characteristic time T associated with the magnetic 

fluctuations: 

I « r = A \ • <2-48) 

In this equation £ can be interpreted as an effective correlation length, 

which determines the exponential decay of G„ (?) for large r. Eq. (2.48) is 

known as the quasi-static condition. If in an experiment this condition is 

satisfied and the quasi-elastic condition holds, the measured intensity is 

correctly given by the differential cross-section Eq. (2.46). As will be 

demonstrated in chapter IV, £ is the reciprocal of n which equals the half 

width (HWHM) of the Lorentzian profile of S$(Q), 

£ = K~1 . (2.49) 

From Eqs. (2.47)-(2.49) we see that the quasi-static condition can also be 

written as &k i 2JK . 

For low dimensional systems, i.e., 2d and Id systems, the quasi-static 
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condition Eq. (2.48) is modified to [4] 

£sin0 f < r = ^ . (2.50) 

-* 
The angle 0f is the angle between kf and the Bragg rods of intensity in 
reciprocal space (2d case) or the Bragg planes of intensity in reciprocal 
space (Id case). For the Id case the vector Q in S^{Q) (cf. Eq. (2.43)) 
only has one significant component, e.g., Qc along the chain direction. This 

-* 
means that if kf is parallel to the Bragg planes in reciprocal space 
(0f = 0), the experimental integration over UJ is carried out at constant Qc, 
and hence the measured intensity matches -r?r (cf. Eq. (2.46)) exactly. 
Expression (2.46) has been used in the evaluation of the neutron scattering 
data on the development of the magnetic correlations within the individual 
chains in CHAB-Bi4 (cf. chapter IV). 

2.2 Experimental set-up for neutron scattering 

The neutron scattering experiments described in this thesis have been 
performed on several spectrometers and diffractometers. In this section the 
basic principles of these experimental facilities will be discussed. 

2.2.1 Spectrometers 

For the inelastic scattering experiments to determine the magnon dispersion 
relation of CHAB-D14 (cf. chapter V), triple-axis spectrometers have been 
used. 

In Fig. 2.2 a schematic drawing of a triple-axis spectrometer is given. The 
neutrons leaving the reactor core through the beam ports have been 
thermalised in a moderator. Their energy distribution is approximated by a 
Maxwell distribution which is given by 

p -E/Erf 
*(£) dE = *„ ~^2 e dE . (2.51) 
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reactor 
'20 

A > A A detector 

Fig. 2.2 Schematic configuration of a triple-axis neutron spectrometer. 

C\> Ci> C3 and C4 denote the horizontal collimations. M and A are the 

monochromator and analyser, respectively. F represents the filter and MD is 

the monitor detector. 

5j is the most probable neutron energy (25 meV for a moderator 

temperature of 300 K). An increase of the flux of neutrons with energies 

< 10 meV ("cold neutrons") can be achieved by using moderators operating 

at low temperatures, for instance liquid D2 at a temperature of 20 K. In 

order to select a particular wavelength A, a monochromator crystal is placed 

in the "white" beam. The Soller collimators C, and C2, which consist of a 

number of closely spaced vertical blades, define the horizontal divergence of 

the neutron beam (typically 30' - 60') and the scattering angle 20M. The 

neutrons diffracted by the monochromator crystal have a wavelength Aj 

determined by the Bragg relation 

2dM sin0M = Ai or du sin0M 
= *i (2.52) 

where dM is the distance between the lattice planes corresponding to a 

reflection with Miller indices (hkl). The monochromatic beam impinges on 

the sample. The collimators C2 and C3 define the scattering angle 20s. The 

analyser performs the energy discrimination of the scattered neutrons 

according to the Bragg relation 
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2dA sin0A = Af or ^ ^ = *f , (2.53) 

where the scattering angle 20A is defined by the Soller collimators C3 and 
C4. The energy loss of the neutrons faj, and the scattering vector Q are 
given by Eqs. (2.8) and (2.13), respectively. Finally the neutrons are 
captured in a He detector. The monitor detector MD, cf. Fig. 2.2, will 
absorb a small fraction of the incident neutrons. This offers the possibility 
to count the neutrons arriving at the detector up to the moment that a 
preset number of neutrons have been detected in the monitor. This 
procedure compensates, apart from statistical errors, for changes in the 
neutron flux from the reactor. Alternatively, the neutrons can be counted for 
a fixed time interval. Higher-order wavelength contaminations in the beam 
coming from the monochromator (for instance, a pyrolytic graphite 
monochromator of which the (002) planes have been oriented to reflect the 
neutrons with A}, will also give higher-order contributions (Aj/2, Aj/3, etc.) 
from the (004), (006), etc. reflections, respectively) can be suppressed by the 
use of filters, cf. F in Fig. 2.2. A commonly used filter material is pyrolytic 
graphite (PG) with its c-axis parallel to the beam [5]. This type of filter 
has a few wavelength regions with relatively good transmission. As an 
example, the transmission of the pyrolytic graphite filter used at the triple-
axis spectrometer IN8 (see Table 2.1) for a wave vector *i of 2.662 A" 
(4.100 A" ) amounted to 85% (75%), whereas for the second-order wave 

vector k{ = 5.324 A"1 (8.200 A"1) the transmission amounted to 2% (3%). 
- » - » - » 

Constant-Q scans can be made either by varying kf and keeping k{ fixed, or 
vice versa. In the first case the filter is placed between the monochromator 
and the sample. On the other hand, if kf is fixed then the filter is placed 
between the sample and the analyser. In case of first order neutrons with 
long wavelength, A > 4 A, use can be made of a poly crystalline beryllium 
filter which has a cut-off at A = 2dmax = 3.96 A. The transmission for 
A > 4 A (£ < 5 meV) of this filter can be improved to almost 100% by 
cooling the filter to 77 K. 

The inelastic neutron scattering experiments described in chapter V of this 
thesis were aimed at the observation of spin waves in the Id ferromagnet 
CHAB. We have performed these measurements on several triple-axis 
spectrometers: HB3 at the Netherlands Energy Research Foundation (ECN), 
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Petten, the Netherlands; TAS3, 6 and 7 at the Riso National Laboratory 
(RNL), Ris0, Denmark; IN8 at the Institut Laue-Langevin (ILL), Grenoble, 
France. The most important experimental parameters of these spectrometers 
are listed in Table 2.1. 

In Fig. 2.3 a schematic view is given of the triple-axis spectrometer IN8 at 
the ILL, Grenoble. In this spectrometer a rather unconventional way of 
selecting the incoming wavelength is applied by moving the monochromator 
along a straight line, and simultaneously rotating both the monochromator 
and the shielding drum A2. 

The finite resolution of a triple-axis spectrometer is of particular importance 

Fig. 2.3 Schematic view of the triple-axis spectrometer IN8, at ILL, 
Grenoble. 



spectrometer, 
institute 

HB3 ECN, Petten 

TAS3 RNL, Ris0 

TAS6 RNL, Ris0 

TAS7 RNL, Ris0 

IN8 ILL, Grenoble 

HB3 ECN, Petten 

DIS HMI, Berlin 

HB9A ECN, Petten 

HB5 ECN, Petten 

type 

triple-axis 
it 

it 

ii 

n 

triple-axis 
without 
analyser 

ii 

four-circle 
diffractom. 

powder 
diffractom. 

monochro-
mator 

PG(002) 

PG(002) 

PG(002) 

PG(002) 

PG(002) 

C J ( 1 1 1 ) 

Zn(002) 

Ge(311) 

2*Cu(220) 

Cu(l l l ) 

analyser 

PG(002) 

PG(002) 

PG(002) 

PG(002) 

PG(002) 

PG(002) 

-

-

-

filter 

PG 

PG, Be (77K) 

PG, Be (77K) 

PG 

PG 

-

-

PG 

horizontal 
collimations 
(react, to det.) 

30', - ,30', -

60', 36', 52', 66' 

60', 36', 81' , 66' 

30',60',81',66' 

45', 60', 60', 60' 

45',60', 60', 60' 

30', - ,30' 

, - ,30' 

30', - ,30' 

neutron energy 

(meV) 

Ei = 19.87 

Ef = 14.6 

Ei =34.0, 42.3 

Ei = 4.710, 

8.000, 14.202 

Ef = 4.00, 8.00 

Ef = 14.68 

Ef = 34.83 

E =36.50 

E =27.81 

E =48.712 

E =12.286 

wavelength 

(A) 

Ai =2.029 

Af =2.37 

Ai =1.55 , 1.3$ 

Ai =4.168, 

3.198, 2.40C 

Af =4.52, 3.2C 

Af =2.361 

Af =1.533 

A =1.497 

A =1.715 

A = 1.2959 

A =2.5804 

Table 2.1 Experimental configurations. 



27 

for the choice of the experimental configuration and the analysis of the 
data. As a result of the mosaic spread of the monochromator and analyser 
crystals, and the finite collimations, the monochromatic beam will contain 
neutrons with energies within a small range. The analyser will also diffract 
neutrons within a finite energy range. Generally, by smaller mosaic spread of 
the crystals and tighter collimation, a better definition of the beam can be 
obtained, at the expense of the neutron flux at the sample and count rate 
at the detector. In every scattering experiment one therefore measures 
neutrons that have been scattered wi'.hin a certain small range around the 
set points Q0 and w0. The resolution function H(Q-Qo> OA-W0) 

(= ft(Qo-Q, Wo"w)) describes the probability distribution for detecting 
- • - • - * - » 

neutrons with Q, w deviating from the ideal values Q0, u/0. R(Q-Q0, u-u0) 
-» 

can be visualised as a 4-dimensional window in Q, u space. The probability 
to record scattering processes corresponding to points outside this window is 

- » 
negligible. The observed neutron intensity at the set point Q0, £J0, can be 

d2 
described by a convolution <j{ the cross-section ,Q ~| and the resolution 
function, 

2 
'(Qo^o) = J da; dQ a j ^ l _ R(Q-Q0, a/-a/0) . (2.54) 

Within the horizontal scattering plane the resolution function can be 
determined experimentally by measuring the intensity in the vicinity of a 
Bragg peak with indices (hkl) of an ideal single crystal, for which 

,2 , 
,Q ? _» ~ £(Q - rhki) &{v) (cf. Eq. (2.21)). Using this cross-section 

' Q f W 

Eq. (2.54) yields 

'(<5o,«6) = H(3o " Thki, we) • (2-55) 

Unfortunately, a determination of the resolution contour in this way can 
only be done at discrete values of Q, and for zero energy transfer. To 
determine the energy resolution, one usually measures the intensity from an 
incoherent elastic scatterer, for instance vanadium, as a function of w0. 
Several authors [4,6,7] have derived theoretical expressions for the resolution 
function in the full Q, ui range. In these derivations it is assumed that the 
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transmission of the Soller collimators and the mosaic spread of the 
monochromator and analyser can be described by Gaussian functions. 
According to Cooper and Nathans [6] the resolution function can be written 
in the form: 

f 4 4 1 
ft(Q-Q0, uhuo) = R0 exp -1/2 I I Mkl XkxJ , (2.56) 

I i= l J=i J 

where Xk, for k — 1, 2, 3, are the components (Qk - Qk0) °f t n e vector 
- » - • - * 

(Q - Qo)- The axes corresponding with Xh X3 are chosen parallel to Q0, 
and perpendicular to the scattering plane, respectively. X4 is defined as 
(a; - o/0). R0 and the matrix elements M^ are functions of the variables kj, 
u)0 and Q0. Furthermore, ft0 and M^ depend on parameters of the 
spectrometer which do not change during a scan such as the collimations 
and the parameters of the monochromator and analyser crystals. The matrix 
elements M^ describe the orientation of the four dimensional resolution 

-* 
ellipsoid in the Q, u) space. Dorner [8] has pointed out the importance of 
the normalisation factor R0. With a slightly different definition of the 
resolution function R (the factor kf/Jrj is included) according to 

J(Qo.«o) ~ J dui dQ S{Q,u)) H(Q-Q0, U-L>9) , (2.57) 

it can be shown that fi0 is proportional to the product of the "volumes" Vj 
and Vf in reciprocal space, corresponding to the incident and scattered 
beam, respectively: 

R0 - VrVf . (2.58) 

In this equation is 

Vi « k? cot0M , 

Vf ~ Jtf
3 cot0A . (2.59) 

From Eqs. (2.56)-(2.59) it is obvious that the measured intensity is directly 
proportional to the resolution volumes V\ and Vf. Thus by dividing the 
experimentally observed scattering intensity in Q, u space by VfVf, data 
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are obtained that represent a convolution of the scattering law S(Q,w) with 

a normalised resolution function [8]. If the Q, u dependence of the 

normalisation factor RQ is neglected in analysing inelastic scattering data, 

significant errors in the determination of both peak positions and line shapes 

may occur. In order to arrive at the physical scattering law S(Q,u/) one has 

to perform a deconvolution of the measured intensity distribution, properly 

corrected for the change of Vj and Vf over the scan range, and the 

normalised resolution function. In practice, this deconvolution is carried out 

as a least-squares fitting procedure, in which a convolution of the 

normalised resolution function and a theoretical prediction for S(Q,a/) is 

fitted to the corrected experimental data. In constant-Q scans with kj fixed, 

the correction for the resolution volume can be restricted to Vf only, 

because V{ is constant over the scan range. In case of fixed final wave 

vector kf the correction can be even more simplified; a monitor placed in 

the incident monochromatic beam (cf. Fig. 2.2) to control the counting time 

will directly account for the variation of V; [8]. Hence, no corrections for 

changing resolution are necessary. 

The quasi-elastic measurements on CHAB, described in chapter IV, were 

performed with two-axis neutron spectrometers. In these experiments the 

intensity distribution in Q space is scanned without energy analysis. From 

the schematic drawing in Fig. 2.4 it is seen that a two-axis spectrometer is 

largely analogous to the triple-axis spectrometers described above (in fact, 

the measurements have been carried out on triple-axis spectrometers of 

which the analyser crystal had been removed). The measured intensity can 

be described by a convolution of the differential cross-section -j£ and the 

resolution function R(Q - Q0), 

*(Qo) = j d Q ^ | . H(Q-Qo) • (2-60) 

Here, the resolution function represents a three dimensional window 

(ellipsoid) in Q space, analogous to the triple-axis case. With respect to Eq. 

(2.56) the matrix elements M±\ with k, 1 = 4 have vanished. Furthermore 

the "vertical" term (X3) in the resolution function is independent of the 

"horizontal" terms (Xu X2) , which leads to the simplification 

Afk3 = Mji = 0 for Ir, 1 t 3 [9], i.e., only the Af̂  cross-term in Eq. 
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reactor 

Fig. 2.4 Schematic configuration of a two-axis neutron spectrometer. Clr 

C7 and C3 denote the horizontal collimation. M is the monochromator and 

MD is the monitor detector. 

(2.56) is retained. By measuring the intensity distribution around a Bragg 

reflection (of an ideal single crystal) the projection of the resolution function 

on the scattering plane can be obtained experimentally. The physical 

differential cross-section or S(Q) is obtained from a fit of the convolution of 

R(Q ~ Qo) a n d the theoretical prediction for S(Q) to the experimental data. 

In the special case of a Id system, the intensity distribution in Q space 
-t-

only depends on one of the Q components, e.g. Qc This implies that the 

convolution integral can be restricted to one dimension, which considerably 

simplifies the least-squares fitting procedure to obtain S(QC). The factor R0 

in the resolution function, cf. Eqs. (2.56)-(2.59), is of less importance here. 

It is a constant factor since the experiment is carried out at fixed Jtj and 

k{. The experiments have been performed on two spectrometers: DlS at the 

Hahn-Meitner Institut (HMI), Berlin, F.R.G., and HB3 at ECN. In Table 

2.1 some experimental parameters of DIS and HB3 in two-axis mode are 

listed. 

2.2.2 Diffractometers 

The crystal structure of CHAB has been investigated by measuring the 
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integrated intensity of a large number of nuclear Bragg reflections from a 

single-crystal sample (cf. Eqs. (2.21), (2.24)). The measurements have been 

performed on the four-circle diftractometer at beam hole HB9A at ECN. A 

single crystal mounted in this diffractometer can be rotated around three 

different axes (u, x> <p). The <p-zxis is perpendicular to the x-axis, which in 

turn is perpendicular to the w-axis. The neutron detector can be rotated 

around the fourth axis, the 26-axis which coincides with the w-axis. This 

combination of rotations allows a very versatile positioning of the crystal 

and hence, in principle, all the possible Bragg reflections within the Ewald 

sphere [1,10] can be investigated (as far as they are not obscured by parts 

of the instrument or cryostat). In fact, the (u, x, <P) system offers more 

degrees of freedom than are strictly needed. In the so-called bisecting mode 

the (j-angle is restricted such, that the scattering vector Q is situated 

within the plane of the x-arc. The intensity is recorded in w-20 step scans 

where w equals 0 (bisecting mode). The quantity of prime interest is the 

integrated number of elastically, coherently scattered neutrons as a scan 

through the Bragg reflection Q = rhki is made. The exact profile of the 

Bragg peaks is of less importance. The integrated intensity of a particular 

reflection at rhkl can be expressed as [1,10] 

Iftkl) - *S 7^ ÜH20 JFn(?hkl)|2 , (2-61) 

with $ s = the neutron flux at the sample position 

N = the number of unit cells in the sample 

X = the wavelength 

20 = the scattering angle. 

The nuclear unit-cell structure factor Fn(rhki) is given in Eqs. (2.22) and 

(2.24). From Eq. (2.61) we see that for a given Bragg reflection with Miller 

indices (hkl) the integrated intensity divided by the so-called Lorentz factor 

l/sin20, is a function of the atomic coordinates only. Thus, after measuring 

a (large) number of Bragg reflections, a least squares fit of Eq. (2.61) to 

the data, with the atom positions as free parameters, may yield accurate 

values for the position parameters of the atoms in the unit cell, provided 

that good guesses for these parameters are available as starting values in the 
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fitting procedure. Below we will briefly discuss several factors which may 

affect the observed intensities. 

a) The Lorenti factor, which is equal to l/sin28 for equatorial reflections 

(i.e., reflections which are measured such that the a/-axis is perpendicular to 

the scattering plane, as is the actual case at HB9A), is already incorporated 

in Eq. (2.61). This geometrical factor is often considered as a reflection time 

factor accounting for the way a reciprocal lattice point passes through the 

Ewald sphere [1,10-12]. 

b) The thermal vibrations of the atoms in the crystal lattice will affect the 

observed intensity. The structure factor Fn(Q), Eq. (2.22), has been derived 

for the case of an ideal non-vibrating lattice. If we assume that the 

vibrations of the Af atoms in a unit cell, with displacements p} from the 

respective equilibrium positions, are harmonic, Eq. (2.22) can be modified to 

Af _ iQ.(Rj + ?j) 
Fn(Q) = C I 6, e > , (2.62) 

i = l 

where € > denotes a time average. For small isotropic displacements Eq. 

(2.62) yields 

Af _ iQ.Rj -rVj(5) 
Fn(Q) = I bj e e , (2.63) 

j=I 

with 

-Wj(Q) iQ.% - g Q 2 « * j 2 » 
e = < e > z e b (2.64) 

-Wj(Q) 
The term e is the well-known Debye-Waller factor. With the 

definition of the isotropic temperature parameter By 

Bj = | T 2 < ^ 2 > , (2.65) 
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and T = ha + Jrb + k we may define an isotropic temperature factor 

-T.7j(r) -Bj(sine/A)2 

e = e = 

n V +JrV +i2c* +2nJta*-b*+2Wa*-c*+2Jdb*-c*J 
e " - '.(2.66) 

Inspection of Eqs. (2.63)-(2.66) shows that the reduction of the measured 

-2Wj(Q) 
intensity by the thermal motions, which is equal to e , is most 

pronounced for large scattering angles. Under the assumptions made above 

neither the width of the observed Bragg reflections nor the positions are 

affected. In the actual single-crystal measurements on CHAB we have used 

an anisotropic temperature factor, which is a generalisation of Eq. (2.66) -. 

( 2 2 2 
hV i/„ + kh* un + ;V u33 + 

e = e * 

2hk&*b*Ul2 + 2WaVl/ I 3 + 2klb*c*U2i\ 
(2.67) 

Such an anisotropic temperature factor accounts for the fact that in general 

atoms tend to oscillate mainly in directions perpendicular to their bonds 

with other atoms. The six temperature parameters U^ for every atom in the 

unit cell enter in the structure refinement procedure as independent fitting 

parameters. 

c) Up till now, the neutrons have been described by a normalised wave 

which in principle extends infinitly in space. However, similar to the 

description of the electronic properties of matter, in some cases the more 

localised or particle-like behaviour of the neutrons have to be accounted for. 

Such a treatment is employed to describe extinction and absorption effects 

which will be discussed below. 

When a neutron beam passes through a material, the intensity of the beam 

is attenuated by absorption. The intensity of the beam is given by the 

exponential decrease 
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1(0 = J0 e'*1' , (2.68) 

where fi is the linear absorption coefficient, and t is the length of the path 
in the sample travelled by the neutrons. This equation has been used to 
correct the experimental data for absorption. The main problem in such a 
procedure is the determination of the average length of the paths travelled 
by the neutrons. This length strongly depends on the shape of the crystal 

- » - » 

and its orientation with respect to k; and kf. In the computer program used 
to correct for absorption effects, the crystal volume is divided into a large 
number n of small volume elements V\ (in the particular case of CHAB, 
n = 1000). For each element Vj, the attenuation of that part of the beam 
that is scattered within this element, is calculated for a given reflection 
(hkl), i.e., for a given orientation of kj and kf with respect to the crystal, 
the path t\ is calculated. Hereafter, the mean attenuation of the total 
neutron beam is calculated according to 

i £ -l*h -ft» 
j . I e = e , (2.69) n 1=1 

where T^ is the absorption-weighted mean path. This process is repeated for 
every measured Bragg reflection. The shape of the crystal in this procedure 
is approximated by a number of lattice planes at certain distances of the 
centre of the crystal. These distances and the indices of the lattice planes 
can be obtained by inspection of the crystal on an optical goniometer. 

d) Next, we consider the so-called extinction effects, which may also 
complicate the determination of the values for the structure factor Fn(Q) 
from the observed Bragg reflections. The main effect of extinction can be 
described as an attenuation of the strong Bragg reflections, whose intensities 

"* 2 are then no longer proportional to |Fn(Q)| as given in Eq. (2.61). In 
perfect crystals, the fraction of the incoming neutron beam that is diffracted 
may be so large for certain Bragg reflections, that the beam becomes 
increasingly weaker as it penetrates deeper into the crystal. Furthermore, 
some of the reflected neutrons may undergo a second reflection, after which 
they travel again in the direction of the incident beam with which they will 
interfere, resulting in an additional decrease in incident-beam intensity. This 
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primary extinction can be quantitatively described by dynamical theory, cf. 
Ref. [10] and the references therein, yielding in the limit of small crystal 
size 

W ? ) = 7p 10) = (1 " *p) IP) , (2-70) 

where yp is the primary extinction factor, /(r) is given by Eq. (2.61) and xp 

can be approximated by 

where t is related to the size of the (spherical) sample. In order to minimize 
primary extinction one can use short wavelengths and imperfect crystals. 
Fortunately, in practice most crystals have a mosaic type of structure. This 
destroys the coherence between the small mosaic blocks, and hence one has 
to deal with intensities instead of amplitudes. In this case t in Eq. (2.71) 
represents the size of the (small) mosaic blocks. During diffraction, blocks 
near the surface that reflect reduce the beam intensity for blocks with 
similar orientation in the interior of the sample. This effect, known as 
secondary extinction, also leads to a reduction of the Bragg peak intensity. 
Together with the primary extinction inside each perfect mosaic block with 
size t, we may write for the observed intensity 

W ? ) = 7P Ys I{T) = y I(r) • (2.72) 

In case of weak extinction, the extinction factor y can be written as [10] 

y = 1 - xp - xs~ , (2.73) 

where xp is given by Eq. (2.71) and 

2 -1/2 T 

*s * \ lF" |̂2 l f1 + 27F ( S i n 2 0 ) 2 ^ / ^1 75 ' <2'74) 
v0

 L J v 

with 7} is the mosaic spread of the sample. The value for the absorption-
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weighted mean path T^ in this equation is the same that occurs in the 
absorption correction calculations (cf. Eq. (2.69)). 

In Fig. 2.5 a schematic drawing of the four-circle diffractometer HB9A is 
shown. The white beam coming from the reactor is monochromatised with 
two crystals. This double-monochromator arrangement offers a superior 
reduction of higher-order wavelength contaminations in the outgoing beam 
kj, which can be demonstrated as follows. If the incident flux of a "white" 
beam is such that $S(A) dA is the flux of neutrons with wavelength between 

Fig. 2.5 Schematic view of the four-c : dijjrac ' Aeter HB9A at ECN, 
Petten. 
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A and A + dA, then the scattered intensity in a Bragg peak equals [1,10] 

J(?) = *S(A) ff / 4 |Fn(?)|2 , (2.75) 
v° 2 ( s i n e r 

4 
i.e., the intensity scales with A . The second-order contamination in the 
beam of HB9A will therefore be reduced by two times a factor 2 . For a 
suitably chosen wavelength the sharply decreasing tail of the Maxwell 
distribution at higher energies in $S(A) will give a further reduction of the 
higher-order beam contamination. At a wavelength A » 1.3 A, the higher-
order contaminations in the monochromatised beam of the diffractometer 
HB9A amounts to less than a few promilles, and hence the use of a filter is 
not necessary. Furthermore, the double monochromator allows a variation of 
the wavelength within a factor 1.85 (for a particular set of monochromator 
crystals) while the direction of kj remains unchanged. In Table 2.1 some 
experimental parameters of the four-circle diffractometer HB9A are listed. 

Finally we will review the characteristics of the neutron powder 
diffractometer at beamhole HB5 at ECN, which has been used to investigate 
the crystal structure of ZMA. In a powder diffraction experiment the sample 
consists of a cylindrical vanadium sample holder containing many small 
single crystals with, in the ideal situation, random orientations over a solid 
angle 47r, i.e., the reciprocal lattice vectors r are isotropically distributed on 
a sphere with radius \r\. The wave vectors of the neutrons that are 
scattered according to the Bragg condition 2k sin© = r are therefore located 
on cones, the so-called Debye-Scherrer cones, with semi-angle 20. The total 
cross-section for each cone is [1,10] 

where the sum over r is over all scattering vectors with the same modulus 
| r j . The neutron detector at a distance L from the sample with a height H 
will only observe the fraction H/(2KL sin20) of the scattered neutrons in 
the cone. The measured intensity will therefore be equal to 
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- M 2 
KT) = *s ^7 gfr sinóAsin2Ó £ l F " ^ ! (2.77) 

where the scattering-angle dependent factor (sinG sin20)~ is called the 
Lorentz factor for a powder sample. In Fig. 2.6 a schematic layout of the 
powder diffractometer HB5 is given. The collimators C! and C3 determine 
the resolution of the instrument. A pyrolytic graphite filter is used to 
suppress higher-order beam contamination in the monochromatised beam to 
less than 0.1%. Use has been made of a four-detector multi counter. In 
Table 2.1 some experimental parameters of the powder diffractometer HB5 
are listed. 

The absence of the need to orient the sample is an advantage of this 
technique. On the other hand, the loss of information on the sample 
orientation causes reflections with approximately equal lattice spacing 

2T d = — to overlap. Especially at larger scattering angles, where a large 
number of reflections may occur, it will become extremely difficult to obtain 
the integrated intensities of each individual reflection. To overcome this 
problem, Rietveld [13] introduced the method of profile refinement analysis. 
In this method the positions and intensities of Bragg peaks are calculated 

1 meter 

Multi -
detector 

Fig. 2.6 Schematic view of the powder diffractometer HB5, at ECN, 

Petten. 
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for the whole diffractogram, assuming a Gaussian peak shape for each Bragg 
reflection, and a width A0 varying with 0 according to 

A0 = U tan20 + V tan© + W . (2.78) 

The observed intensity at a given scattering angle 20 can now be written as 
the sum of the contributions ihkl(20) of individual Bragg reflections with 
Miller indices (hkl) centered around 20hki- The contribution Jhkl(2®) i s 

given by: 

3 2 Ihkl(20) d0 = * s £ ^ s i n Q ^ i n 2 Q pn(hkl) % |Fn(hkl)| 

2 
AC\ 4 VTn2 a 
d 0 7 F A 0 - exP 

4 ln2 
20-20 h k l 

A0 
(2.79) 

with Pn(hkl) = the multiplicity factor of the reflection (hkl) 
2®hkl = ^ e 20 value at the centre of the reflection (hkl). 

In the profile refinement procedure the calculated diffractogram is compared 
with the experimental one. This allows the determination of the parameters 
which determine the peak positions (cell parameters and detector zero-point) 
and peak shape (17, V and W in Eq. (2.79), the asymmetry parameter and 
the parameter describing the preferential orientation). In addition, the 
parameters which determine the contents of the unit cell, such as the 
fractional coordinates of the atoms, the overall isotropic temperature 
parameter (or the temperature parameters for each individual atom), the 
occupation number of an atomic site, etc., can be obtained. Analogous to 
the single-crystal case one has to consider several intensity correction factors 
in the powder-diffraction technique. 

a) The Lorentz factor for powders (sin0 sin20)~ is already incorporated in 
Eq. (2.77). 

b) The isotropic temperature correction factor is equal to Eq. (2.66), as in 
the single-crystal case. 

c) The correction for absorption is carried out using the absorption factors 
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for a cylindrically shaped sample holder given by Weeber [14]. The linear 

absorption coefficient /x can be calculated as follows, 

M 

f> = i * l I 'tot.j > (280) 

with p = the specific mass of the sample 

A = the atomic mass of one formula unit 
21 NA = Avogadro's number = 6.0225*10 

^tot.j = K j + V*o ^aj(^o)) for atom j . 

The summation is carried out over all M atoms in one formula unit. 

d) Extinction effects in a powder are very much reduced with respect to 

extinction in a single crystal. This is due to the small size and random 

distribution of the crystallites. Therefore we did not correct the powder 

diffraction data for extinction. 
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Chapter HI Synthesis, crystal structure and magnetic properties of 
(CfDnNDjJCoBrj 

The synthesis of the one-dimensional S = 1/2 Heisenberg ferromagnet 

(C6D11ND3)CuBr3) perdeutero cyclohexelammonium copper(H) bromide 

(CHAB), is reported. Its crystal structure has been determined with neutron 

diffraction. Like the chlorine isomorph CHAC, CHAB is orthorhombic, space 

group P21212j, z = 4, cell dimensions a = 19.561(8) A, 6 = 8.678(4) A, and 

c = 6.381(2) A at 54.5 K. The ferromagnetic Cu chains run along the 

c-direction. Two bromine ligands form symmetrical bridges between the 

copper ions. Adjacent chains are well isolated from each other by ihe 

cyclohexyl groups in the ac-planes, and by the ND3 groups in the be-planes. 

The magnetic structure, and other important magnetic properties are 

reviewed. 

3.1 Introduction 

During the last decades a number of good realisations of one-dimensional 

(Id) magnetic systems with various spin and exchange interactions (strength 

as well as sign) have been synthesised, leading to a considerable amount of 

experimental research in this area of Id physics [1,2]. A few elements related 

to this subject have already been introduced in chapter I. Much theoretical 

work has been done in the relatively simple case of the one-dimensional 

S = 1/2 ("extreme quantum limit") spin system with ferromagnetic 

nearest-neighbour interaction [3,4]. A large effort has been devoted to the 

synthesis of these particular systems, ultimately resulting in a number of 
2+ more or less one-dimensional Cu (S = 1/2) compounds [5], e.g. 

CuCl2-(CH3)2SO (known in literature under the abbreviation CuCl2-DMSO), 

CuCl2.C4HgSO (CuCl2.TMSO), (CH3)4NCuCl3 (TMCuC), and 

[(CH3)3NH]3Cu2Cl7 (TTMCuC). The strong ferromagnetic coupling in these 

compounds results from the presence of symmetric Cu-X-Cu bridges with 

the Cu-X-Cu angle less than 90° (X = CI, Br, 0) [5-10]. At present, one 

of the best realisations of the ld S = 1/2 Heisenberg-like ferromagnet is 

cyclohexyl-ammonium copper(II) trichloride, (CsHnNH3)CuCl3 (CHAC), first 

synthesised in 1980 by Gaura et al. [5,11]. The intrachain nearest neighbour 
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exchange interaction in this compound has been reported to amount to 

J/kB = 45 K with about 2% Ising anisotropy; the interchain interactions J' 

are three orders of magnitude smaller than J. A 3d non-compensated 

antiferromagnetically ordered state is induced by these weak interchain 

interactions below T„ = 2.214 K [12]. In 1982 Hadders (cf. Ref [12]) 

obtained single crystals of the bromine isomorph (C(HnNH3)CuBr3 (CHAB). 

Like CHAC, CHAB is an excellent Id system with ferromagnetic nearest-

neighbour interaction. Initially, the strength of the intrachain exchange 

interaction, J/kB = 55 ± 5 K, has been derived from zero-field specific heat 

measurements on polycrystalline samples. The results of more recent 

experiments indicate a value that is ~ 20% larger, cf. chapter V. The 

exchange interaction contains 5% XY-anisotropy [12]. The 3d-ordering 

temperature TR equals 1.50 K and 1.56 K for hydrogenated and deuterated 

CHAB, respectively (cf. Ref. [12] and chapter IV). 

As we quoted in chapter I, the magnetic properties of CHAC and CHAB 

have been extensively studied by means of various experimental techniques 

like magnetic specific heat [12-15], magnetisation [11,12,16-18] (cf. chapter 

VI), susceptibility [16,17], electron spin resonance (ESR) [19-22], nuclear 

spin-lattice relaxation time (NSLR) [13,18] and thermal conductivity 

measurements [23]. These experiments demonstrated that at low temperatures 

the small anisotropies in J have a very significant influence on both the 

magnetic excitation spectrum and the thermodynamic properties. ESR 

experiments on CHAC revealed that in addition to the normal linear spin 

waves there is evidence for the existence of so-called magnon bound states 

[19,21]. In CHAB, evidence for the presence of non-linear soliton excitations 

has been obtained from magnetic specific-heat and magnetisation 

measurements [13,14,18]. 

To enable the study of the static and dynamic magnetic properties of CHAB 

with neutron scattering techniques, we synthesised single crystals of the fully 

deuterated compound (C6DnND3)CuBrj (CHAB-D14). The substitution of 
-28 2 the 14 hydrogen atoms («JincohW = 79.91» 10 m ) by deuterium atoms 

-28 2 (aincoh(E>) = 2.03» 10 m ) yields an essential reduction of the expected 

background intensity due to incoherent elastic scattering (cf. chapter II, Eq. 

(2.20)), i.e., the total incoherent scattering cross-section per formula unit is 

reduced by a factor 36 with respect to the hydrogenated compound 
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CHAB-H14. As will be discussed in section 3.3 of this chapter, powder 

X-ray measurements on the deuterated and the hydrogenated compounds did 

not reveal any significant changes in the cell parameters and the positions of 

the heavy atoms. Therefore it was expected that the magnetic properties of 

CHAB would hardly change upon deoteration. This was confirmed by 

magnetisation and ferromagnetic resonance experiments on CHAB-H14 and 

CHAB-D14, which yielded results that were identical within experimental 

accuracy. From neutron diffraction experiments (cf. chapter IV) the 3d 

antiferromagnetic ordering temperature Tj(CHAB-D14) = 1.56 K was found 

to be only slightly larger than Tf(CHAB-H14) = 1.50 K. This may 

probably be attributed to small differences in the interchain interaction 

parameters J* of the two compounds. 

The organisation of this chapter is as follows. In section 3.2 we report on 

the synthesis of deuterated CHAB. The structure analysis by means of 

X-ray powder diffraction measurements on hydrogenated and deuterated 

compounds, and neutron diffraction experiments on a deuterated single 

crystal are described in section 3.3. Finally, knowing the crystallographic 

structure of CHAB, its magnetic structure and other important magnetic 

properties will be discussed in section 3.4. 

3.2 Synthesis 

In this section a brief survey of the synthesis of perdeutero 

cyclohexylammonium copper(II) tribromide, (C6D„ND3)CuBr3, will be 

presented. CHAB-D14 crystallises by slow evaporation at room temperature 

from a solution with equimolar quantities of cyclohexylammonium bromide, 

C6DuND3Br, and copper(H) bromide, CuBr3, in a solvent of partially 

deuterated n-propanol, C3H7OD. In this way a number of dark-purple 

CHAB-D14 crystals were obtained, some of which with a mass of a few 

grams. However, in some production runs, as will be discussed in the last 

part of this section, we obtained pale needle-shaped crystals instead. The 

long axis of the CHAB-D14 crystals coincides with the crystallographic 

c-axis. At room temperature CHAB is stable in a dry-air atmosphere. 

However, the crystals seriously deteriorate when, at room temperature, the 

crystal surface makes direct contact with aluminium, which is commonly 
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used as material for the sample holder in neutron scattering experiments. 

This problem was avoided by depositing a. thin layer of GE 7031 Tarnish 

between the crystal and the sample holder and keeping the mounted crystals 

permanently at temperatures below -20 CC. 

The starting material in the synthesis of CHAB-D14 is the commercially 

available deuterated compound aniline-D7, CgDsNDj. As a first step we 

produced cyclohexylamine-D13, CjDnND2, following a procedure analogous to 

that documented in the literature for the production of hydrogenated 

cyclohexylamine, which will be briefly summarised below. The aromatic 

compound aniline can be hydrogenated with the aid of platinum-like 

catalysts to cyclohexylamine, CtHnNHj. According to Greenfield [24] the 

reaction occurs stepwise under the formation of enamine and imine 

intermediates: 

NH2 NH2 

aniline enamine imine cyclohexylamine 

The enamine and imine intermediates give rise to several additional reactions 

leading to the formation of, among others, dicyclohexylamine and at higher 

temperatures cyclohexane. These additional reactions also produce ammonia, 

NH3, which significantly inhibits the main reaction by poisoning the catalyst. 

The addition of water, which is sometimes used to eliminate the toxicity of 

ammonia by converting it to the non-toxic ammonium cation [25,26], is not 

feasible because this addition implicates the formation of cyclohexanon and, 

by reduction, cyclohexanol [27,28]. 

We performed the deuteration of aniline- D7 in a high-pressure (40 atm) 

batch reactor using a rhodium catalyst on 7-alumina, the temperature being 

stabilised at 60 °C. After 12 hours the reaction was interrupted, whereafter 

the cyclohexylamine- D13 was separated from the other reaction products by 

means of distillation. Because the boiling points Tb of the most abundant 

reaction products (cf. aniline C8HSNH3, Tb = 184 °C; cyclohexylamine 

C6H„NH2, Tb = 134 °C; dicyclohexylamine (C6H„)2NH, Tb = 256 °C; 
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hexane CSH12, Tb = 81 *C (compare to hexane-D12 CtD,Jt Tb = 78 #C)) 

are fairly veil separated from each other, the obtained cydobexyiamine-Dl3 

was pure to a good extent. NMR analysis of the final product showed a 

small fraction of hydrogen impurities, which are due to the fact that the 

starting material contained a few promille of aniline-H7. 

The second step was the production of deuterated cydohexylammonium 

bromide. This was accomplished by the evaporation of D20 from an 

equimolar solution of cydohexylamine-D13 and 47% DBr- solute in D30, 

D30+ + Br" + C«DnND2 - CsD„NDjBr + D20 T. 

To conclude this section a few remarks on the pale needle-shaped crystals 

will be given. X-ray powder measurements revealed significant deviations 

from the diffractogram of ordinary CHAB-D14. Chemical analysis of the 

needles indicated a composition of (C|Dt,ND3)Cu3Br3, which implies a 

reduction of Cu + to monovalent Cu+. This is corroborated by measurements 

of the susceptibility of some of these crystals, which revealed a diamagnetic 

behaviour. Attempts to prevent the growth of the needle-shaped crystals by 

creating an oxidising environment (0 2 atmosphere) were unsuccessful. 

3.3 Structure analysis 

In order to determine the positions of the heavy atoms (i.e. all atoms 

except H and D) in CHAB-H14 and CHAB-D14 we performed X-ray 

powder diffraction measurements on both compounds at 300 K. X-rays with 

a wavelength A = 1.5418 A were obtained from Ni-filtered Cu Ka-radiation. 

The intensity was measured on a Philips PW1050 X-ray powder 

diffractometer in 26-step scans, 26 increasing from 3° to 73° with 

0.02°/step. The measuring time amounted to 60 seconds for every 26 value, 

the total measuring time for the whole diffractogram being 2.5 days. The 

data were analysed with a Rietveld profile refinement procedure (cf. section 

2.2, Eq. (2.79)), using the known values of the positional parameters for 

CHAC [16] as starting parameters. With respect to the positions and 

isotropic temperature factors of the heavy atoms, only minor differences were 

found between the hydrogenated and deuterated compounds (and 
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CHAC-H14). The orthorhombic cell dimensions at 300 K for CHAB-D14 

[H14] are: a = 19.8343(26) [19.8400(23)] A, b = 8.7804(9) [8 7778(8)] A, and 

c - 6.4405(6) [6.4356(6)] A. Zero layer Weissenberg photographs of a small 

single crystal of CHAB-D14 unambiguously confirmed P212121 as space 

group. This space group is identical to that of CHAC, which corroborates 

earlier assumptions based on the morphology of the single crystals and FMR 

rotation diagrams [12,19]. 

To complete the structure analysis, neutron-diffraction experiments were 

performed on a deuterated single crystal with approximate dimensions 

1.7 » 3.5 > 3.8 mm . The crystal was mounted in a He-flow cryostat [29], 

the temperature being stabilised at T = 54.5 ± 0.5 K. The data were 

collected on the four-circle diffractometer HB9A at the High-Flux Reactor 

at Petten (cf. Table 2.1). The neutron beam with a wavelength 

A = 1.2959 A was obtained from a Cu (220) double-monochromator system. 

From 13 high-order reflections the cell parameters were determined at 

54.5 K: a = 19.561(8) A, 5 = 8.678(4) A, and c = 6.381(2) A. The 

intensity profile for each Bragg reflection was measured with w/20-step 

scans (0.034°/step in 20). The typical measuring time per reflection was 20 

minutes. Three reference reflections were measured repeatedly after every 50 

reflections. The variations in the intensities of these reference reflections 

about their mean values were less than 2.7% and no systematic deviations 

could be observed. A total of 1377 independent reflections were measured 

(index range h: 0-25, k: 0-11 and 1: 0-7) for sin0/A < 064 A"1. The 

standard deviation in the structure factor, a{FQ), was obtained from counting 

statistics. Five reflections for which the structure factor was found to be 

smaller than 3a(F0) were excluded from the subsequent analysis. Absorption 

corrections were made using the program ACXR2 [30] for a crystal shape 

approximated by 14 lattice planes, see Fig. 3.1. The basic priciples 

underlying this program have been discussed in the previous chapter, section 

2.2.2. The experimentally determined absorption coefficient, p., amounted to 

0.74 t 0.05 cm -1 (cf. Eqs. (2.68)-(2.69)). The calculated transmission 

coefficient, A*, ranged from 0.810 to 0.886. The crystal structure has been 

computed by a least-squares refinement using the program XFLS3 which is 

an updated version of ORFLS [31]. The values for the scattering lengths 

were taken from a compilation by Koester and Yelon [32]. For the starting 

values of the heavy atom positions we used the coordinates found from our 
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Fig. 3.1 The CHAB-D14 single-
crystal used in the experiments at the 
four-circle diffractometer, here 
represented by 14 lattice planes. The 
crystal dimensions are approximately 
1.7 * 3.5 * 3.8 mm8. 

X-ray powder experiments, and for those of the deuterium atoms we used 
the hydrogen positions in CHAC reported by Groenendijk et al. [16]. The 
refinement of the structure factor F0, cf. Eqs. (2.22) and (2.63), involving 
ihe positional and anisotropic thermal parameters of all atoms, the scale 
factor and isotropic extinction (the total number of adjustable parameters, 
V, being 227), with weights w = 1/{<T(F0)

2 + 10~"4*F0
2}, resulted in a final 

weighted ft-factor, 

fl»=(lw (FrFc)
2/(E w F0

2) ] 
1/2 

(3.1) 

of 0.079 and a conventional R-factor, 

R=(L [F0-FC|)/(I F0) (3.2) 

of 0.060. The residual x, 

X= ( l ^ ( F 0 - F c ) 2 / ( J V - V)] 
1/2 

(3.3) 

with (JV- V) = the number of degrees of freedom = 1145, amounted to 
5.30. In the formulae given above F0 and Fc are the observed and calculated 
structure factor, respectively. Another indication of the quality of the fit is 
given by the shift-to-error ratios in the last cycle of the refinement 



49 

Atom 

Cu 

Br(l) 

Br(2) 

Br(3) 

N 

c(i) 

C(2) 

C(3) 

C(4) 

C(5) 

C(6) 

D(N1) 

D(N2) 

D(N3) 

D(ll) 

D(21) 

D(22) 

D(31) 

D(32) 

D(41) 

D(42) 

D(51) 

D(52) 

D(61) 

D(62) 

X 

0.2461(1) 

0.2107(2) 

0.1561(2) 

0.3189(2) 

0.3238(1) 

0.3970(2) 

0.4257(2) 

0.4997(2) 

0.5057(2) 

0.4754(2) 

0.4015(2) 

0.2922(2) 

0.3161(3) 

0.3060(3) 

0.4238(2) 

0.3940(2) 

0.4221(2) 

0.5194(2) 

0.5314(2) 

0.4777(2) 

0.5598(2) 

0.4765(3) 

0.5066(2) 

0.3693(2) 

0.3807(2) 

y 

0.0290(3) 

0.2922(4) 

0.0218(4) 

0.1389(4) 

0.5826(3) 

0.5378(4) 

0.4769(5) 

0.4250(5) 

0.3045(5) 

0.3650(4) 

0.4186(4) 

0.4870(7) 

0.6525(8) 

0.6408(8) 

0.6431(5) 

0.3777(5) 

0.5655(6) 

0.3793(7) 

0.5251(6) 

0.1990(5) 

0.2721(6) 

0.2753(6) 

0.4611(6) 

0.3177(5) 

0.4658(6) 

z 

0.1849(5) 

-0.0056(5) 

0.4538(5) 

0.4543(5) 

-0.0048(4) 

-0.0319(6) 

0.1729(6) 

0.1438(6) 

-0.0313(6) 

-0.2346(6) 

-0.2052(6) 

0.0124(11) 

0.1279(11) 

-0.1386(11) 

-0.0781(8) 

0.2240(7) 

0.2961(8) 

0.2908(8) 

0.1053(8) 

0.0162(8) 

-0.0547(8) 

-0.3573(8) 

-0.2923(8) 

-0.1616(8) 

-0.3514(7) 

Table 3.1a Fractional positional coordinates for (C^D^ND^CuBr^ at a 

temperature of 54-5 K. 
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Atom 

Cu 

Br(l) 

Br(2) 

Br(3) 

N 

C(l) 

C(2) 

C(3) 

C(4) 

C(5) 

C(6) 

D(N1) 

D(N2) 

D(N3) 

D(ll) 

D(21) 

D(22) 

D(31) 

D(32) 

D(41) 

D(42) 

D(51) 

D(52) 

D(61) 

D(62) 

^11 

0.0121(11) 

0.0124(13) 

0.0107(13) 

0.0129(14) 

0.0135(11) 

0.0108(14) 

0.0106(14) 

0.0115(15) 

0.0178(17) 

0.0162(16) 

0.0144(15) 

0.0403(26) 

0.0438(29) 

0.0438(29) 

0.0226(18) 

0.0235(19) 

0.0312(21) 

0.0279(21) 

0.0217(18) 

0.0350(21) 

0.0209(19) 

0.0368(23) 

0.0275(21) 

0.0220(17) 

00322(21) 

U22 

0.0104(12) 

0.0098(14) 

0.0113(13) 

0.0101(14) 

0.0094(11) 

0.0098(14) 

0.0187(16) 

0.0224(18) 

0.0183(18) 

0.0195(17) 

0.0130(15) 

0.0451(29) 

0.0550(35) 

0.0497(r3) 

0.0177(18) 

0.0295(21) 

0.0334(23) 

0.0470(28) 

0.0309(22) 

0.0198(19) 

0.0457(26) 

0.0362(25) 

0.0330(23) 

0.0179(18) 

0.0318(21) 

Ui3 

0.0082(13) 

0.0099(15) 

0.0111(16) 

0.0108(16) 

0.0112(13) 

0.0109(16) 

0.0138(17) 

0.0128(19) 

0.0175(18) 

0.0097(18) 

0.0147(19) 

0.0524(34) 

0.0461(34) 

0.0519(37) 

0.0315(23) 

0.0214(21) 

0.0235(22) 

0.0253(25) 

0.0408(28) 

0.0338(25) 

0.0230(25) 

0.0256(23) 

0.0314(26) 

0.0326(23) 

0.0173(21) 

Table 3.1b Anisotropic thermal parameters for (C^D^ND^jCuBr^ at a 

temperature of 54-5 K. t/eq is defined as l/(127r ) £ U^ ajaj aj-aj . 
i,J 
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v» 

-0.0006(11) 

0.0031(12) 

-0.0000(12) 

-0.0014(12) 

0.0007(10) 

-0.0005(13) 

-0.0002(14) 

0.0021(15) 

0.0058(15) 

0.0070(15) 

0.0047(15) 

-0.0047(25) 

0.0005(30) 

0.0051(28) 

-0.0059(16) 

-0.0016(18) 

0.0044(19) 

0.0112(21) 

-0.0077(19) 

0.0009(18) 

0.0153(19) 

0.0176(22) 

-0.0007(20) 

-0.0051(15) 

0.0124(19) 

u» 

0.0016(10) 

0.0005(12) 

0.0003(12) 

-0.0011(12) 

0.0000(10) 

0.0004(13) 

-0.0012(13) 

-0.0005(14) 

-0.0014(15) 

0.0016(14) 

-0.0027(14) 

0.0015(27) 

0.0001(27) 

0.0018(28) 

0.0052(18) 

0.0032(16) 

-0.0039(18) 

-0.0075(18) 

0.0004(19) 

-0.0019(20) 

0.0015(18) 

-0.0013(20) 

0.0118(19) 

-0.0004(18) 

-0.0024(19) 

1^23 

0.0004(11) 

0.0006(14) 

0.0014(13) 

-0.0004(13) 

0.0005(12) 

-0.0014(14) 

0.0021(16) 

-0.0014(17) 

0.0008(17) 

-0.0023(16) 

-0.0011(15) 

0.0020(31) 

-0.0112(34) 

0.0044(34) 

0.0033(18) 

0.0104(18) 

-0.0141(20) 

0.0021(22) 

-0.0052(23) 

0.0046(22) 

-0.0006(22) 

-0.0096(22) 

0.0102(22) 

-0.0063(18) 

-0.0003(20) 

^ q 

0.0102(7) 

0.0107(8) 

0.0111(8) 

0.0113(8) 

0.0114(7) 

0.0105(8) 

0.0144(9) 

0.0156(10) 

0.0179(10) 

0.0151(10) 

0.0140(9) 

0.0460(17) 

0.0483(19) 

0.0485(19) 

0.0239(11) 

0.0248(12) 

0.0293(13) 

0.0334(14) 

0.0312(13) 

0.0295(13) 

0.0321(14) 

0.0328(14) 

0.0307(13) 

0.0242(11) 

0.0271(12) 

Table 3.1b (Continued) The anisotropic temperature factor, defined in 

chapter 2, Eq. (2.67), is a function of the U[-y 



Bond distances (A) 

copper coordination sphere 

Cu-Br(l) 2.678(4) 

Cu-Br(l)' 3.519(4) 

Cu-Br(2) 2.459(4) 

Cu-Br(2)' 2.454(4) 

Cu-Br(3) 2.427(4) 

Cu-Br(3)' 2.430(4) 

intrachain parameters 

Cu-Cu' 3.234(4) 

cyclohexylammonium cation 

N-C(l) 1.494(4) 

C(l)-C(2) 1.518(5) 

C(2)-C(3) 1.528(5) 

C(3)-C(4) 1.535(6) 

C(4)-C(5) 1.520(6) 

C(5)-C(6) 1.530(5) 

C(6)-C(l) 1.517(5) 

Bond angles (deg) 

Br(l)-Cu-Br(2) 98.81(14) 

Br(l)-Cu-Br(2)' 94.72(14) 

Br(l)-Cu-Br(3) 97.96(14) 

Br(l)-Cu-Br(3)' 95.79(14) 

Br(2)-Cu-Br(2)' 166.46(17) 

Br(2)-Cu-Br(3) 86.30(14) 

Br(2)-Cu-Br(3)' 91.86(15) 

Br(2)'-Cu-Br(3) 92.25(15) 

Br(2)'-Cu-Br(3)' 86.34(14) 

Br(3)-Cu-Br(3)' 166.24(17) 

Cu'-Cu-Cu' 161.27(12) 

Cu-Br(2)-Cu' 82.31(13) 

Cu-Br(3)-Cu' 83.49(14) 

N-C(l)-C(2) 110.25(27) 

N-C(l)-C(6) 108.54(27) 

C(6)-C(l)-C(2) 111.65(29) 

C(l)-C(2)-C(3) 110.41(30) 

C(2)-C(3)-C(4) 111.21(31) 

C(3)-C(4)-C(5) 110.86(32) 

C(4)-C(5)-C(6) 111.65(31) 

C(5)-C(6)-C(l) 110.60(30) 

Table 3.2a Heavy atom bond distances and angles, the symbol ' indicates 

the second symmetry transformation (-x + 0.50, -y, z + 0.50) of the space 

group P2X2X2{ [44J. 
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Bond distances (A) 

D(N1)-Br(l) 2.327(7) 

D(N2)-Br(l)' 2.444(8) 

D(N3)'-Br(l) 2.435(8) 

D(N1)-N 1.041(6) 

D(N2)-N 1.052(8) 

D(N3)-N 1.051(8) 

D(ll)-C(l) 1.094(5) 

D(21)-C(2) 1.110(6) 

D(22)-C(2) 1.102(6) 

D(31)-C(3) 1.089(6) 

D(32)-C(3) 1.096(6) 

D(41)-C(4) 1.110(6) 

D(42)-C(4) 1.105(6) 

D(51)-C(5) 1.104(6) 

D(52)-C(5) 1.097(6) 

D(61)-C(6) 1.114(6) 

D(62)-C(6) 1.097(6) 

Bond angles (deg) 

Br(l)-D(N1)-N 168.9(6) 

Br(l)'-D(N2)-N 156.1(6) 

Br(l)-D(N3)'-N' 160.1(5) 

D(N1)-N-D(N2) 106.8(6) 

D(N2)-N-D(N3) 109.2(6) 

D(N3)-N-D(N1) 105.8(6) 

Table 3.2b Deuterium bond distances and angles, the symbol ' indicates 

the second symmetry transformation (-x + 0.50, -y, z + 0.50) of the space 

group P2l2i2l [44J. 

procedure, which were all smaller than 0.65%. The largest correction for 
extinction (cf. Eqs. (2.73)-(2.74)), Jy-Fc, was y = 0.34 (for the (200) 
reflection). The final positional and thermal parameters of the atoms are 
given in Table 3.1 together with their statistical uncertainties. Important 
distances and angles, derived from the data given in this table, are listed in 
Table 3.2. 

The crystal structures of both CHAB-D14 and CHAB-H14 turn out to be 
completely analogous to the structure of CHAC. The system contains 
double-bridged linear chains along the c-axis built up from CuBr3 ions (cf. 
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Fig. 3.2 Projection of the crystal structure of CHAB-D14 on the bc-

plane. The chains along the c-axis are coupled by hydrogen bonding 

represented by the thin lines. The thermal ellipsoids correspond to 50% 

probability. 
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Fig. 3.3 Stereoscopic plot of the projection of the crystal structure of 

CHAB-D14 on the ac-plane. 
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Figs. 3.2 and 3.3). The copper ions are located nearly exactly on the 2 raxes 

parallel to the c-axis and hence the apical Br(l) atoms lie alternately at 

opposite sides of the chains. The apical Cu-Br(l) bond length of 2.678 A is 

significantly larger than the equatorial bonds Cu-Br(2) and Cu-Br(3) (2.459 

and 2.427 A, respectively) involved in the bridge formation. The above bond 

lengths are approximately 0.12 A larger than those in CHAC, as could be 

expected from the larger radius of the Br atom. The copper coordination 

sphere has a slightly distorted square pyramidal (C4v) geometry. From the 

nearly symmetrical bridging distances Cu-Br(2,3) and the Br(2,3)-Cu-

Br(2,3)' angles of 166.46° and 166.24° respectively, the distance of the Cu 

atom from the basal plane {Br(2), Br(3), Br(2)', Br(3)'} towards the apical 

Br(l) atom is easily calculated to amount to 0.29 A. The chains are 

hydrogen bonded in the be-plane by the ND3 moieties of the 

cyclohexylammonium groups (cf. Fig. 3.2). It has been shown previously that 

the structural properties of the metal-ligand bonds, such as the Cu-Br-Cu 

angle <p and the dihedral angle 6 between the Br(2)-Cu-Br(3) and Br(2)'-

Cu-Br(3)' planes, are related to the magnitude and sign of the 

superexchange interaction between the metal atoms in the chain [5-10]. 

Semi-empirical molecular-orbital calculations indicate that symmetrical 

bridges with <p < 90° [6,7] and dihedral angles deviating from 180° [10] 

favour strong ferromagnetic coupling. For CHAB-D14 (CHAC-H14) these 

values are tp z 83° (86°) and 6 = 130.3° (155.8°), respectively. The smaller 

angle 6 for CHAB, in combination with the larger exchange interaction 

JCHAB/^B = 65.8 K versus JCHACAB
 = 45 K, corresponds with the same 

trend observed in other copper(II) compounds [10]. Because of the strong 

hydrogen bonds with the apical Br(l) atom there is no significant overlap 

between the molecular orbital p of the bromide and the d 9 , orbital of 

the unpaired Cu(II)-electron, thus preventing efficient superexchange between 

adjacent chains in the oc-plane [16] (the distance between the chains in this 

plane is 8.7 A). In the a-direction the chains are separated by two layers of 

CHA-cations (the distance between the chains is 10.7 A, cf. Fig. 3.3). There 

is no obvious superexchange path available, so the interchain interaction 

between chains in adjacent öc-sheets is expected to be mainly dipolar. 

Therefore it is not surprising that the values for the interchain interactions 

found from experimental data (magnetisation measurements) and mean-field 

estimates [12,16] are rather low (see also the next section). Figure 3.4 gives 

a perspective view of the total structure. In the figure the ab-plane and the 



57 

< = * - * 

Fii;. 3.4 Perspective projection of the crystal structure of CHAB-DI4. 

The ab-plane and the c-aris are parallel and perpendicular to the drawing-

plane, respectively. In the c-direction 9 unit cells have been drawn. 
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c-axis are parallel and perpendicular to the drawing plane, respectively. In 

the c-direction 9 unit cells have been drawn. Figs. 3.2, 3.3 and 3.4 were 

calculated and plotted using the program ORTEPII [33]. 

To conclude this section we remark that CHAB and CHAC may be 

considered as members (albeit with a distorted structure) of the large family 

of compounds ABX3 with the hexagonal perovskite structure (analogous to 

CsMgCl3l space group P63/mmc [34]). Here A is a monovalent cation (e.g. 

Cs \ Rb+, (CHj)4N
+, (C6H„NH3)

+, etc.), B is a divalent transition metal 

ion (eg. Cr2+, Mn2+, Fe2*, Ni2+, Cu2*) and X is F", CI", Br" or I". 

Many of these compounds show low dimensional magnetic behaviour. On the 

other hand, these compounds have been subject of crystallographic studies 
2+ because of their interesting structural properties. In case of B = Cu 

(CsCuCIj, (CH3)4NCuCl3) the deviations from the ideal perovskite structure 

at low temperatures have been ascribed to a (pseudo) Jahn-Teller effect, 

which manifests itself through an elongation of one of the three "fourfold" 
2+ axes of the X-octahedron surrounding the Cu ion [35]. In the case of 

CHAB and CHAC, however, the origin of the observed elongation of the 

Br(l)-Cu-Br(l)' axis is probably related to the orthorhombic P2,2,2t 

structure imposed by the low symmetry of the cyclohexylammonium cation 

[36]. 

3.4 Magnetic properties 

As has already been discussed in the previous sections, the crystallographic 

structure of CHAB (and CHAC, as reported by Groenendijk et al. [16]) is 

orthorhombic, space group P2j2,2, with z = 4. The cell dimensions of 

CHAB (CHAC) are: a = 198 (19.4), b = 8.8 (8.5) and c = 6.4 (6.2) A at 

300 K. The compound consists of double-bridged linear chains of CuBr3 
2+ (CuCl3 ) ions running parallel to the c-axis. The Cu ions (S = 1/2) are 

the carriers of the magnetic moment. The strong ferromagnetic intrachain 

exchange interaction in CHAB (and CHAC) originates from the 

superexchange paths along the Cu-Br-Cu (Cu-Cl-Cu) bonds. The anisotropy 

in this interaction, induced by the spin-orbit coupling mechanism, is related 

to the local symmetry of the crystal field at the copper sites. Because of 

the lack of an inversion center between adjacent copper sites, the intrachain 
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exchange tensor contains in principle a symmetric as well as an 

antisymmetric contribution [37]. This latter contribution may cause a canted 

spin ordering within the chains. FMR measurements, however, indicated that 

such a canting does not occur within experimental accuracy (s 2°). This 

experimental fact is in agreement with the theoretical estimate for the 

canting angle out of the ab-plane of ~ 0.9°, according to Ref. [17], provided 

that the g-values listed in Table 3.1 are taken into account. Therefore the 

antisymmetric term in the Hamiltonian (see Eq. (3.4) below) will be 

omitted. The twofold screw axes (2,) parallel to the a-direction (see Fig. 

3.5) imply the presence of two symmetry-related sets of chains in CHAB 

(and CHAC). The very weak interactions between the individual chains are 

indicated in Fig. 3.5. The magnetic properties of the individual chains can 

be described by the Hamiltonian 

K = -2 £ (Sfjxx5f4l + S ^ t f , , + S\fzS\tX) - „eB.g.E Sj , (3.4) 
i i 

where the anisotropy is written in terms of an anisotropic exchange tensor 
Y Y W 77 

with components J'' > JJJ > J > 0. Note that a single-ion anisotropy 

mechanism is not applicable for systems with 5 = 1/2. Detailed information 

about the anisotropy can be obtained from FMR experiments, because these 

directly probe the anisotropic part of the Hamiltonian. Phaff et al. [19] have 

performed extensive FMR experiments on both CHAB and CHAC. In the 

following we will briefly summarise the main results that have been 

obtained. 

The FMR experiments with the frequency u in the region 8 < v < 75 GHz 

(0.033 < hi; < 0.31 meV) were performed in the temperature range 

1.2 < T < 4.2 K, with the external field (0 < B < 5.0 T) directed either 

parallel or perpendicular to the c-axis. In the analysis of the data, the 

compounds were considered to consist of two weakly coupled non-collinear 

sublattices labelled 1 and 2, respectively. The very small antiferromagnetic 

interaction between nearest neighbour chains was approximated by an 

isotropic exchange interaction expressed per spin as 

Hii2 = -2 zAF JA F Sj'S2 , (3.5) 
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Fig. 3.5 Schematic representation of the magnetic structure of CHAB 

(CHAC) in the ab-plane at T = 0 K. Each arrow represents the magnetic 

moment of a chain. There are two types of symmetry-related chains, 1 and 

2 respectively. J\f denotes the antiferromagnetic interaction between chains 

of type 1 and 2, and J'F denotes the ferromagnetic interaction between chains 

of the same type. 

where zAF = 8 is the number of antiferromagnetic nearest neighbours. With 

the use of this model, the FMR data on both CHAB and CHAC could be 

described very satisfactorily within the framework of linear spin-wave theory 

(cf. chapter V). Within the picture of this theory, a FMR experiment at 

T = 0 K measures the k = 0 spin-wave energy fiu/0. Hence, FMR 

experiments reveal the field-dependence of the spin-wave energy gap. From 

the theory described in chapter V, Eqs. (5.9) and (5.13), it is directly 

inferred that in the case of CHAB the spin-wave gap depends only on the 
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anisotropy of the intrachain exchange interaction and the applied field, and 

not on the "average" (isotropic) value of this interaction. The results of the 

analysis for CHAB can be expressed as ( / " - J)/kB = 0.92 K, 

( J 7 7 - J)/kB = 0.90 K and {f-J)/^ = -1.82 K [19], where the isotropic 

part of the exchange interaction, J, is defined as 

J = (Jxx + J77 + fz)j2 . (3.6) 

Note that the terms (J a - J), with a = x, y, z, in the expressions given 

above are independent of the magnitude of J. The differences between the 

exchange anisotropics in CHAB and CHAC, (cf. Table 3.3), are probably 

related to the small rearrangements in the equatorial Cu-X(2) and Cu-X(3) 

bonds (X = Br, CI). The almost perfect XY-anisotropy in CHAB, evident 

from Table 3.3, must be accidental, since there is no corresponding 

symmetry element in the space group. FMR rotation diagrams for CHAB 

with the magnetic field applied in the ab-plane showed that the spin-wave 

modes corresponding to the two individual sublattices are shifted over 50° 

with respect to each other (the shift amounts to 34° for CHAC). This 

means that the principal axes of the exchange tensors of the two types of 

symmetry-related chains are canted with respect to the crystallographic axes. 

From these measurements it could be inferred that the easy x-axes for the 

two sublattices in CHAB are located in the ab-plane at an angle <p = ± 25° 

(± 17° for CHAC) from the b-axis. The intermediate y-axes coincide with 

the crystallographic c-axis, and hence the ab-plane is the hard-easy plane 

for both types of chains. The fact that in CHAC the canting angle tp 

coincides with the angle between the Cu-Cl(l) bond and the b-axis (i.e. 

15.69°), as noted by Groenendijk et al. [16], must be accidental, since in the 

case of CHAB-D14 the angle between the Cu-Br(l) bond and the b-axis 

(i.e. 16.89°), does not match the spin canting. In Fig. 3.5 the preferred 

direction of the spins (T = 0 K) for both types of chains is indicated. 

Within the individual chains the spins are para'lei because of the strong 

ferromagnetic intrachain interaction. 

At T = 1.25 K the weak (interchain) coupling between the two sublattices 

causes a small hybridisation (~ 0.08 K (or 0.007 meV)) of the spin-wave 

modes measured with FMR. From this hybridisation the antiferromagnetic 

interchain interaction could be estimated (cf. Eq. (3.5)) as 
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J/kB (K) 

( J x x - J ) / k B (K) 

(Jyy-J)/kB (K) 

(J 2 Z -J) /kB (K) 

W A F A B (K) 

zFJ'F/kB (K) 

V (deg) 

T„ (H14) (K) 

TN (D14) (K) 

« * 

b 
£ 

ƒ 

CHAB 

65.8 ± 0.8 

0.92 

0.90 

-1.82 

-0.04 

0.08 

25 

1.50 

1.56 

2 

2.06 ±0.04 

2.01 ±0.02 

CHAC 

45 ±5 

0.52 

-0.01 

-0.51 

-0.04 

0.15 

17 

2.214 

2.09 

2.33 

2.12 

Table 3.3 The exchange parameters of CHAB and CHAC. The values 

for the anisotropics have been determined by FMR, cf. Ref [19]. The values 

for the isotropic part of the exchange interaction J have been determined by 

inelastic neutron scattering and heat-capacity measurements for CHAB and 

CHAC, respectively, cf. Ref. [12] and chapter V. J is defined as (Jxx + Jyy 

+ Jzz)/Z, cf Eq. (S.6). 



63 

^AFJ'AFAB = "4*10 K for CHAB as well as CHAC. Above <* 1.5 K no 

hybridisation could be detected within the experimental accuracy, indicating 

that in this temperature region the magnetic properties of CHAB and CHAC 

are primarily determined by those of the individual chains. 

An absolute value for the J component of the intrachain exchange 

interaction of CHAB has first been reported in 1982 by Kopinga et al. [12]. 

They described their zero field heat-capacity measurements (in the 

temperature region 0.5 < T < 55 K) by a theoretical model for the 

magnetic heat capacity CM which was based on an extrapolation of the 

numerical results for finite chains reported by Blote [38]. A reasonable 

explanation of the experimental data above TN could be given in terms of a 

S = 1/2 ferromagnetic Heisenberg chain system with J^/kj j = 55 ± 5 K 

containing 5% easy-plane anisotropy. The introduction of this anisotropy in 

the interaction, i.e., Jxx/kB - Jyy/kB = 55 K, Jz z/kB = 0.95- Jx x /kB 

(which is equivalent to (J** - J)/kB = ( J ^ - J ) / k B = 0.92 K, {Jzz - J)/kB 

= -1.83 K), nicely explained the observed additional "anisotropy-induced" 

contribution to CM which appeared to be superimposed on the heat capacity 

of the isotropic Heisenberg model. The FMR experiments on CHAB 

discussed above did not only confirm the easy-plane type character of the 

anisotropy, but also corroborated the quantitative values for the anisotropy 

derived from the specific heat measurements. However, since the accuracy of 

the numerical extrapolations used in the analysis of the heat-capacity data 

strongly decreases at temperatures below 6 K, and at higher temperatures 

the experimental heat capacity is dominated by the lattice contribution CL, 

the uncertainty in the inferred absolute magnitude of J /kB is rather large, 

i.e. ± 5 K. Recently, the zero field heat-capacity data for CHAB, 

supplemented with measurements on a single crystal, has been reanalysed 

using two different numerical approaches to obtain new and probably more 

accurate theoretical estimates for CM [39,40]. This analysis [15,41] yielded in 

both cases J/kB = 62 ± 3 K, in rather good agreement with the value 

J/kB = 65.8 ± 0.8 K obtained from our inelastic neutron scattering 

experiments, which will be discussed in chapter V. 

Finally, we review some of the results of the magnetisation measurements on 

CHAB performed by Kopinga et al. [12]. In Fig. 3.6 the results of these 

measurements are plotted for external fields up to 0.13 T, the temperature 
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O 5 10 15 
B (10~2T) 

Fig. 3.6 Magnetisation of CHAB as a function of the external magnetic 

field directed along one of the crystallographic a., b, or c-axes. The data are 

recorded at T = 1.2 K. The full curves are meant as guides to the eye 

(after Kopinga et al. [12]). 

being 1.2 K. These data have been interpreted as follows. The strong 

increase of the magnetisation for B || a below 0.01 T shows the development 

of a net ferromagnetic moment along the a direction, which arises from the 

alignment of ferromagnetic domains. The relatively low values of the 

magnetisation for B || a in the higher field range are in agreement with the 

FMR experiments in the sense that they indicate that the hard axes for the 

two types of chains are located in the vicinity of the a-axis. An 
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extrapolation to B = 0 T and T = 0 K of the observed ferromagnetic 
moment along a (Ma = 2.52 Am /mol [17]) yielded a value for the canting 
angle <p of the magnetic moments from the a-axis in agreement with the 
FMR results, i.e., <p = arcsin(Ma/Ms) = 25°, where the saturation 

2 
magnetisation Ms = Ng^S = 5.8 Am /mol. 

For B || b the sharp increase of the slope of the M versus B curve indicates 
the presence of a field-induced phase transition at the (critical) field 
Bc = 0.021 T (T = 1.3 K). At this phase transition the magnetic moments 
with a b-component antiparallel to B (labelled 2 in Fig. 3.5) flip over an 
angle of 180° in the ab-plane. This transition is depicted in Fig. 3.7. By 
equaling the exchange energy and the Zeeman energy per spin at the 
transition point 

2 zk¥ J'AF S2 = -gb
 HBS , (3.7) 

where for the field B the extrapolated value of Bc for T = 0 K 
{Bc = 0.0275 T, [17]) has been inserted, a value of -3.8» 10"2 K for the 
antiferromagnetic interchain interaction zk¥J'XF/^B c a n be obtained [12]. This 

Fig. 3.7 Schematic drawing depicting the preferred directions of the 

magnetic moments in magnetic fields along the b-direction below and above 

the transition field Bc. 
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numerical value is in accordance with the result obtained from the FMR 

measurements mentioned above. In analogy to CHAC [16] the observed 

phase transition has been interpreted as a metamagnetic transition [12]. At 

the tricritical temperature Tt a 1.1 K the metamagnetic transition 

disappears, which yields an estimate for the ferromagnetic interchain 

interaction (along the b-direction, cf. Fig. 3.5) of zFJ'F/kB a 0.08 K [12,42]. 

According to Groenendijk [16] this interchain interaction involves exchange 

paths via the Br(l) and hydrogen (deuterium) atoms to the adjacent chains, 

coupling the chains into sheets in the 6c-plane (cf. Fig. 3.2). The observed 

phase transition for B || b has also been described in terms of a spin-flop 

transition (instead of a metamagnetic transition) [17]. From mean-field 

calculations the antiferromagnetic interchain interaction was estimated to 

amount ZAF«JAFAB Z -005 K, which is comparable to the value of 

-3.8*10 K inferred above. The estimates for the interchain interaction 

parameters have been included in Table 3.3. Inspection of this table clearly 

shows the high degree >f one-dimensionality of both CHAB and CHAC. 

The magnetic structure of the systems discussed above and shown in Fig. 

3.5, can also be obtained by considering the four magnetic space groups 

belonging to the Opechowski family [43] of the space group P2i2I21 [44]. The 

only group which satisfies the requirements imposed by the experimental 

observations, i.e., having a net ferromagnetic moment along the a-axis and a 

ferromagnetic alignment of the spins in the c-direction, is P2j2i2',. In 

Fig. 3.5 the magnetic symmetry elements of this space group are indicated. 
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Chapter IV Short and long-range correlations in (CJD,1ND3)CtiBrj 

The short and long-range correlations in the quasi one-dimensional S = 1/2 

system (C6D„ND3)CuBr3 (CHAB-D14) have been investigated by (quasi)-

elastic neutron scattering experiments. The temperature dependence of the 

sublattice magnetisation below Tj = 1.56 K reflects the presence of 

ferromagnetic chains in this compound. The experimental data concerning 

the spin correlations in the paramagnetic region, i.e., S(Q) which is related 

to «S £•», have been compared with the theoretical predictions of 

numerical transfer-matrix calculations on a chain of classical spins and the 

recently developed quantum transfer-matrix (QTM) methods for finite 

chains. The good agreement of the classical model prediction for the inverse 

correlation length K with the experimental data, showing a cross-over from 

isotropic Heisenberg behaviour at high temperatures to XY behaviour below 

~ 3 K, is not corroborated by the results for K obtained from the QTM 

calculations. On the other hand, the derivation of K from the experimental 

data S(Q) is not unambiguous. The same QTM methods have been used in 

the interpretation of the magnetisation M, which has been measured in the 

range 1.4 < T < 10K and fields 0 < B < 5 T along c, yielding a perfect 

agreement. These magnetisation measurements can also be described in terms 

of the reductions of M from saturation due to magnon and soliton 

excitations. 

4-1 Introduction 

It has been shown in the previous chapter that the compound cyclohexyl-

ammonium copper(II) tribromide, (C6HnNH3)CuBr3 (CHAB) is a very good 

realisation of the one-dimensional (ld) S - 1/2 ferromagnet. In this thesis 

we describe the magnetic properties of the individual chains of both CHAB-

H14 and CHAB-D14 by the Hamiltonian 

X = -2 I (Stj^SÏ.t + Stjyysï.i + Sfj^SfM) - MBB-g-L Si , (4.1) 
i i 

introduced in section 3.4. Ferromagnetic resonance (FMR) measurements, 
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which probe the Q = 0 part of the dynamic structure factor S(Q,&/), have 

given reliable information about the anisotropy of the intrachain exchange 

interaction [1]. We have employed neutron scattering techniques to study 

S(Q,u/) in a wider Q and u range. The part of this study dealing with the 

dynamics of the system has been carried out with inelastic neutron 

scattering. Using such techniques we could determine the low-energy part of 

the magnon dispersion relation. In the next chapter a report of this 

investigation will be given. In the present chapter we focus on the study of 

the static magnetic properties of CHAB, by means of (quasi)-elastic neutron 

scatte ;ng experiments and magnetisation measurements with external 

magnetic fields in the easy plane. The neutron scattering experiments 

concern the three-dimensional (3d) long-range order and the quasi-static Id 

spin correlations in the fully deuterated compound (C6DnND3)CuBr3 

(CHAB-D14). The various experimental results will be compared with 

several theoretical predictions appropriate for CHAB. These predictions 

include results from transfer-matrix calculations on a chain of classical spins, 

calculations of the reduction of the magnetisation from saturation caused by 

linear and non-linear excitations, and the results of the recently developed 

quantum transfer-matrix methods for a finite number of spins. 

The organisation of this chapter is as follows. The behaviour of the 3d-order 

parameter (the sublattice magnetisation Msub) in CHAB-D14 will be 

discussed in section 4.2, whereas in section 4.3 the magnetisation 

measurements on CHAB-H14, for fields along the crystallographic 

c-direction, will be considered. In section 4.4 we report on the temperature 

dependence of the intrachain spin correlations as measured by quasi-elastic 

neutron scattering. 

4-2 Long-range order 

In order to investigate the development of long-range order below the 

transition temperature T^ in CHAB-D14, neutron diffraction experiments 

were performed on the D1S spectrometer at the reactor BER II (Hahn-

Meitner Institute, Berlin) in two-axis configuration (cf. Table 2.1). A 

wavelength of 1.715 A was used, obtained from the Ge(311) reflection. A 30' 

Soller slit collimator was placed in front of the detector. The vertical and 
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the horizontal divergence of the incoming neutron beam (~ 1°) were 

determined by the geometry of the diffractometer. A single crystal of 
3 3 

CHAB-D14 with dimensions 5 * 2 » 18 mm was mounted in a He 

cryostat with the c-axis vertical (i.e., the ab-plane is the scattering plane). 

Sample temperatures between 0.39 and 2 K could be maintained with a 

typical stability of a few mK. 

For the 3d magnetic structure conjectured in section 3.4, the strongest 

magnetic Bragg reflection in the scattering plane is expected at (100). 

Because, moreover, in an ideal P2,2,2, structure the (h00) nuclear Bragg 

reflections with odd h are systematically absent, the (100) position was 

selected to monitor the temperature dependence of the 3d antiferromagnetic 

order of the magnetic moments. In that scattering configuration, according to 

Eq. (2.35) one observes only the spin components f> along the b-direction 

because the components S° are zero (see also Fig. 3.7), and the observed 

intensity scales with the square of € 5 >. Below T z 1.6 K, a significant 

increase of intensity was observed, which at the lowest attainable 

temperature (0.39 K) did amount to - 6% of the intensity of the (310) 

nuclear Bragg reflection. This reflection was the strongest nuclear reflection 

in the a b -plane observed at D1S. 

Figure 4.1 shows the resulting temperature dependence of the sublattice 

magnetisation Msub, which in CHAB is proportional to g f S >, since the 

direction of the moments within the ab-plane is fixed by the easy-hard 

anisotropy [l], see also section 3.4. The data, corresponding to the square 

root of the intensity after subtraction of the background observed at 

T = 4.45 K, are represented by open circles. From extrapolation of a 

smooth curve through the data, the ordering temperature is found as 

T„ = 1.56 ± 0.02 K. This result is rather close to the value TN = 1.50 K 

for CHAB-H14, which confirms that deuteration of CHAB has only a small 

effect on the magnetic properties. 

The low-temperature behaviour of the sublattice magnetisation seems 

somewhat unusual in the sense that it continues to increase down to very 

low temperatures. This behaviour, which in fact indicates the presence of a 

large density of states at low energy in this compound, can be understood, 

at least qualitatively, within the framework of conventional mean-field (MF) 
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Fig. 4.1 Temperature dependence of the order parameter Msut, in 

CHAB-D14 deduced from the magnetic Bragg intensity at (100). The data 

are represented by open circles, whereas the solid curve is meant as a guide 

to the eye. Error bars are plotted only if they exceed the size of the data 

points. Broken curves reflect normalised mean-field predictions. 

theory. In Fig. 4.1 we included the MF predictions for a S = 1/2 and for a 

classical (5 = a>) system. Inspection of this figure shows that the qualitative 

behaviour of the data resembles that of the classical MF model rather than 

that of the S = 1/2 model. This may result from the presence of 

ferromagnetic chains in this compound, which behave as "rigid" entities with 

a large value of S if kBT/J i 1. These entities are weakly coupled in a 

T 1 r 

J 
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two-dimensional array by the interchain interactions. If this simplified 
picture holds, the quantitative deviations between the classical MF model 
and the data at low T might be attributed to dimensionality effects, since 
in general a reduction of dimensionality causes the sublattice magnetisation 
in this region to vary more slowly with T than that of the corresponding 
MF prediction. Such a conclusion, however, should be considered with some 
reservations, because the presence of anisotropy is known [2] to have a 
similar effect. 

4-3 Magnetisation 

In this section we will consider the magnetisation of CHAB for fields 
applied along the crystallographic c-direction. In the subsequent subsections 
we compare our experimental data with the predictions for various classical 
spin models and with the results of numerical calculations on quantum 
chains with a finite number of spins. Finally we will analyse the 
temperature dependence of the magnetisation in terms of the separate 
reductions due to magnons and solitons. 

4.3.1 Experimental data and classical transfer-matrix calculations 

We have supplemented previously reported [3] magnetisation measurements 
on CHAB with measurements in applied fields up to 5 T along the 
crystallographic c-direction, which is the intermediate direction within the 
easy plane for both sets of chains, cf. section 3.4. The magnetisation was 
measured with a commercial (Princeton Applied Research) vibrating sample 
magnetometer. Sample temperatures between 1.4 and 10 K could be achieved 
with a typical stability of 50 mK. The accuracy of the measured value of M 
did amount to 2%. A CHAB-H14 sample with a mass of 52.3 mg was used 
in most of the experiments. The data collected at various fixed temperatures 
are plotted in Fig. 4.2 as a function of B. No demagnetisation corrections 
were applied, since they amount to at most 10 T. Inspection of the figure 
shows that in the experimental field range saturation of M is reached at 
temperatures below 3 K. From the saturation value Ms, which was checked 
with measurements on 5 different samples, a value gc = 2.01 ± 0.02 can be 
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Fig. 4.2 Field dependence of the reduced magnetisation of CHAB for BII c 

at several fixed temperatures. The solid curves are the result of the 

numerical calculations of Kef. [17J. 

deduced. Similar measurements for B H b yielded g = 2.06 ± 0.04. For B | a 

no saturation was reached in fields up to 5 T, which is consistent with the 

easy-plane character of this compound. 

Since for several magnetic model systems, including the sine-Gordon model, 

M/Ms has been reported to be a universal function of T/fB [4,5,6], at least 

within a certain range of fields and temperatures, we have plotted our 

experimental results accordingly in Fig. 4.3. From this figure it appears that 
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Fig. 4.3 Reduced magnetisation of CHAB for Bile plotted against T/{B. 

The various sets of curves represent the results of transfer-matrix 

calculations on a chain of classical spins with length S having two (n = 2) 

or three (n = 3) non-zero spin components. Solid and dashed curves 

correspond to T = 10 K and T = 4-2 K, respectively. 

the data collected above 3 K are indeed collapsing into a narrow band. At 

lower temperatures systematic deviations occur, the origin of which will be 

discussed later on. In the figure we have included several theoretical 

predictions, based on transfer-matrix calculations on a discrete chain of 

classical spins [7], which will now successively be considered. 
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First, the magnetisation was calculated using the spin Hamiltonian given in 

Eq. (4.1), with parameters appropriate to CHAB, and a spin length 5 equal 

to S. In this calculation the number of non-zero spin components, denoted 

by n, is equal to 3. The results are represented by the two curves in Fig. 

4.3 labelled n = 3, S = 0.5. The solid and dashed curve correspond to 

T = 10 K and T = 4.2 K, respectively. It is obvious that the predicted 

magnetisation is about a factor 2 smaller than the experimental data at the 

highest values of Tf-fB. Apart from this discrepancy, the calculated results 

do not show universal behaviour, a tendency that was also observed in 

similar calculations on CsNiF3 [5]. If a semiclassical spin length 

S = JS(S+1) is used instead of the classical value S = S, the transfer-

matrix calculations yield results that are reflected by the two curves in the 

figure labelled n = 3, S = 0.87. The solid and dashed curve again 

correspond to T = 10 K and T = 4.2 K, respectively. Inspection of the 

figure shows that this choice of S shifts the predicted magnetisation to 

values which are substantially larger than the experimental data. For 

comparison, we also included the results of similar transfer-matrix 

calculations on a planar system (n = 2), i.e., a chain of classical spins 

having only two non-zero (XY) spin components, and S = S. These results 

are represented by the two curves in Fig. 4.3 labelled n = 2. Although this 

prediction agrees much better with the data than the n = 3 transfer-matrix 

calculations, significant deviations occur at low values of T//B. 

Before continuing with the interpretation of the observed magnetisation, we 

would like to discuss the non-universal behaviour of the data collected at 

low temperatures. This behaviour cannot be caused by the small in-plane 

anisotropy (1 - J^/Jxx) « 3*10" in this compound, because similar 

deviations were found in CsNiF3 [6], which has perfect axial symmetry. On 

the other hand, the transfer-matrix calculations show an increase of M/Ms 

for lower T, in contrast to the data. This suggests that the systematic 

deviations of the data from universal behaviour at these temperatures 

originate from the small interactions between the chains, which become 

important close to TN. 
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4-S.ê Numerical quantum calculations for finite chains 

Recently, results of numerical quantum calculations for the static magnetic 

properties of easy-plane ferromagnetic chain systems have become available. 

The various theoretical approaches are based either on direct diagonalisation 

of the Hamiltonian matrix for finite systems (typically 11 spins maximum) 

[8-11], or on an appropriate version of the Lie-Trotter product formula [12] 

which is used to rewrite the partition function of the one-dimensional 

quantum system as a sum over Ising spin variables on a two-dimensional 

lattice. This sum has been studied for finite lattices using classical Monte 

Carlo techniques [13,14] or by a numerically exact transfer matrix-method 

[15]. The latter approach, in principle, allows a computation for chains up 

to a few hundred spins, which is a significant extension with respect to the 

direct diagonalisation method. On the other hand, the results are obtained 

for a finite value of the so-called Trotter number m (typically 7-9). It 

turns out that the thermodynamic properties of the infinite system, obtained 

from the different approaches by a suitably chosen extrapolation of the 

results for finite chains, coincide at high temperatures, but at lower T 

significant differences are found [11]. Below we will compare our 

experimental data with the results of a variant of the transfer-matrix 

method mentioned above, which has been reported in Refs. [16,17]. 

In Fig. 4.2 the full curves reflect the calculated [17] behaviour of the 

magnetisation for T > 3 K. In this temperature range the accuracy of the 

numerical extrapolations is estimated to be better than a few percent. The 

calculations are based on the following fixed set of parameters, Jx x/kD = 

J ^ /k D = 63 K, i.e., perfect XY-symmetry is assumed, ( J x x - Jzz)/kB = 

2.75 K and g = 2, in conformity with the values listed in Table 3.3. The 

value used for Jxx/kD has been obtained from a fit of predictions for the 

zero-field heat capacity, derived with the same numerical method, to the 

corresponding experimental daca on CHAB, cf. Ref. [17]. Inspection of the 

figure shows an almost perfect agreement between the experimental data and 

the numerical results; for most temperatures the deviations do not exceed 

the experimental error (~ 2%) in M. Around 1 T, the data for 4.2, 5 and 

6 K seem to be slightly lower than the corresponding theoretical predictions. 

However, since in this region the slope dM/dT is relatively large, these 

deviations are likely due to systematic errors in the temperature 
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measurement, i.e., in the magnetometer the sample temperature may be 50 -

100 mK higher than that of the reference thermometer. 

We note that a satisfactory overall description of the magnetisation of 

CHAB has also been obtained from extrapolations of finite-size chain data 

[10,14] and quantum Monte Carlo results [14]. Especially for low fields and 

low temperatures, however, the latter results deviate from the experimental 

data. In the present description of the magnetisation all excitations (which 

contribute to the reduction of M) are implicitly taken into account, and no 

distinction is made between the contributions of linear and non-linear 

excitations. Below we give an alternative interpretation of the magnetisation 

data, where the decrease of M with respect to the saturation magnetisation 

Ms will be described in terms of the separate reductions by magnon and 

soliton excitations. 

4-3.3 Magnon and soliton contributions to AM 

In this subsection we describe the magnetisation with the same model that 

was used in the interpretation of the nuclear spin-lattice relaxation time 

measurements, i.e., a model in which the basic elementary excitations are 

quantum-mechanical magnons and classical solitons [18]. 

Both magnons and solitons cause the magnetisation M(T) to decrease with 

respect to its saturation value Ms. The decrease AMSW caused by magnons 

for magnetic fields parallel to c* can be calculated analogously to the linear 

spin-wave theory for fields B||b outlined in section 5.2. In such a 

calculation the Hamiltonian is transformed to a coordinate system x, y, z, 

where the z-axis represents the preferred direction of the spins. For 

magnetic fields alor" the crystallographic c-axis that are larger than 

<v 0.02 T the components of the exchange tensor J , JJJ and J in the x, 

y, z system (cf. section 5.2) are equal to Jxx, Jzz and J ^ , respectively. 

The result obtained for AMSW can be expressed as 

AMSW = £ gc^ « a?ai> = gc/iB E «I, «r,q» + v, ( n q + l> 

(4.2) 
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cf. Eq. (5.25). The coefficients uq and vq are defined in Eq. (5.12), and the 

magnon occupation number <nq> is given in Eq. (5.15). The corresponding 

prediction for AMSW/MS) based on the exchange-parameters appropriate to 

CHAB (cf. Table 3.3), is represented by the dashed curve in Fig. 4.4. 

Inspection of the figure shows that this prediction agrees fairly well with the 
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Fig. 4.4 Reduced magnetisation of CHAB for B| |c plotted against T/{B. 
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experimental data up to Tj>[B as 3 K/VT. At higher values of T/VB the 
predicted decrease of M/Ms is too small, the difference increasing to about 
20% of Ms (50% of M) at T/JE a 9 K/VÏ. This suggests that other 
elementary excitations contribute significantly to AM in this region. 

The decrease of the magnetisation AMsol caused by soliton-like excitations 
has been calculated from the expansion of the classical soliton free energy 
*sol given by Sasaki and Tsuzuki [19], 

Fsol = -kBT a flsol > (4-3) 

with 

BsoI = ( | ) , / 2 « . S o , « - 1 / 2 e - 1 / ' ( 1 - | 1 - ^ t
2 ] . (4.4) 

In this expression nsoi is the number of solitons per spin distance a = c/2, 
and t = kBT/Eg0l. In the mapping of the spin Hamiltonian of CHAB to 
the sine-Gordon model we use the classical values for the mass parameter 
msol and the soliton rest energy ü^ob 

™sol = \ {mBl2JS)ll2 , E°sol = 8S (2Jg»BBS)lt2 . (4.5) 

For the parameters appropriate for CHAB, £soj (in units K) equals 37.6-/B 
(B in units T). The expansion of Fsol is believed to be fairly accurate up to 
t = 0.3 (i.e., T/yfB = 11.3 K/VT for CHAB). By straightforward 
differentiation of Eq. (4.4) with respect to B we obtain 

AMsoi = -4JV^BS f i ] 1 / 2 f1!2 e"1/* 1 19, _ J_,2 _ 59,31 
1 " 8 l 128c 2561 

(4.6) 

The resulting prediction is represented by the dashed-dotted curve in Fig. 
4.4. It appears that the decrease of M caused by solitons is negligible for 
T/VB < 5 K/VT, whereas it has a maximum at T/VB * 11.5 K/VT. 

Within the framework of the classical sine-Gordon model, the total free 
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energy F t o t of a system can be written as F t o t = Fsw 4- F s o l [19], where 

FS0l is given by Eq. (4.4) and Fsw reflects the contribution of linear 

excitations (spin waves). Following a similar approach as that underlying the 

interpretation of the Tj~ data [18], we replace in first order the classical 

contribution Fsw by its quantum mechanical counterpart, based on linear 

spin-wave theory. Fundamental support for this heuristic approach has 

recently been given by Lemmens, cf. Ref. [20], where it is shown that the 

free energy of an easy-plane quantum system can be separated in a 

quantum part containing predominantly linear excitations and a classical 

part comprising the non-linear excitations. The result, AMSW + AMsoi, is 

represented by the solid curve in Fig. 4.4. It is obvious that this approach 

yields a fair description of the data, taken into account that no adjustable 

parameters were used in the corresponding calculations. 

In concluding, with regard to the present approach two remarks seem 

appropriate. First, the contribution of the spin waves to AM is calculated 

without any renormalisation of the magnon dispersion relation. Such a 

procedure is correct for low values of T/fB, and also yields satisfactory 

descriptions of the T,~ [18] and inelastic neutron scattering (cf. chapter V) 

data, but formally it is not quite clear whether it is justified in the whole 

experimental field and temperature region. Secondly, all non-linear effects 

are attributed to soliton-like excitations and are calculated within the 

framework of the classical sine-Gordon model. Although this approach 

obviously results in a nice description of the reduced magnetisation of 

CHAB, this agreement may partly be the result of a cancellation of 

quantum effects and out-of-plane components, similar to that observed for 

the excess heat capacity [21]. 

4-4 Id short-range order 

The development of magnetic correlations within the individual chains in 

CHAB-D14 in the paramagnetic region T > T$ was investigated by quasi-

elastic neutron scattering. In this compound, the piesence of ferromagnetic 

intrachain correlations will give rise to diffuse scattering with maximum 

intensity in planes in reciprocal space perpendicular to c at 1 = 2nf because 

the spin-spin diftance equals c/2. As has already been discussed in section 
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2.1.2 (Eq. (2.38)), in the limit of perfect order within the chains (and no 
spin correlations in the other two spatial directions) the intensity 
distribution in reciprocal space is concentrated in planes (at 1 = 2n) 
perpendicular to the chain direction. In practice, however, the onset of the 
3d antiferromagnetic order discussed in the previous chapter will cause a 
further contraction of the intensity distribution into magnetic Bragg peaks at 
temperatures below T * TK. 

For the classical (5 = <o) Id Heisenberg chain with nearest-neighbour 
interaction Fisher [22] has calculated the equal-time correlation function Gm 

(in our notation Gm is equivalent to G(T), cf. Eq. (2.28) with ? = m-Z/2), 

Gm = «Si S1+m> = S2e-*lm l , (4.7) 

with 

K = -In ( cothf^] - p g ] " 1 ] . (4.8) 

Obviously, the inverse of K can be interpreted as a characteristic length 
defined as the distance (in units c/2) over which the correlation function Gm 

decreases to G0/e. In the limit for (very) low temperatures, kBT/J « 1, the 
expression for this correlation length £ becomes 

« s ** - T$ • w 

As has been discussed previously in section 2.1.2, in a quasi-elastic neutron 
scattering experiment the scattering cross-section is proportional to the 
Fourier transform of «s\ S1+m» (cf. Eqs. (2.43)-(2.46), «Sj» is assumed to 
be zero). For the classical Id Heisenberg system this Fourier transform read.". 
[23] 

m=-cD m=-a 

= s2 hr^-—^ ' (4 1°) 
1 - 2e " cos q + e lK 
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where q is the component of the reduced scattering vector along the chain 
direction, i.e., q is measured with respect to the nearest plane I = 2n with 
-2T/C < q < °-K(C. Eq. (4.10) can be approximated by the Lorentzian 

5(q) = S2 ~Y^2 • C4-11) 
« + q 

for K « 1 and q in the vicinity of a plane I = 2n. Hence, the half width at 
half maximum (HWHM) of the profile of S(q) is equal to the inverse 
correlation length. 

The presence of easy-plane anisotropy in CHAB results in different 
behaviour of the spin components S for a = x, y and z, respectively. In 
principle, we therefore have to consider the behaviour of the correlations 
between each of the spin components separately. As a general rule the 
resulting correlation functions resemble the exponential decrease of Eq. (4.7) 
for large values of m, i.e., G? = «S? S{\m> ~ e"*"'"1' [7,23-25]. 
Consequently, the scattering cross-section along the direction normal to the 
planes I — 2n resulting from the correlations between the a-components of 
the spins, can be approximated by the following Lorentzian 

fe| = A„ S°%) = Aa — ^ - 5 * - « , ) -^—2 . (4.12) 
a Mo {g MB) *a + Q 

In this equation An is a proportionality constant (cf. Eq. (2.46)), a = x, y 
or z, respectively, nn is the inverse correlation length for the spin 

components Sa, xa a(°) is t n e magnetic susceptibility along a, and q is the 
distance to the plane 1 — In in reciprocal space. 

4-4-1 Experimental data and some classical model systems 

The quasi-elastic neutron scattering experiments have been performed on a 
deuterated single crystal with dimensions 5 x 14 « 23 mm that was 
mountec' in a He cryostat with the c* and the [110]-directions in the 
horizonti scattering plane. Part of the experiments have been carried oat on 
the D1S spectrometer at BER II in two-axis configuration using a 
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wavelength of 1.715 A (cf. Table 2.1). The data were supplemented with 

measurements performed on the HB3 spectrometer (cf. Table 2.1) at the 

High Flux Reactor (HFR) in Petten. In the latter case a wavelength of 

1.497 A was used, obtained from a Zn(002) monochromator. Sample 

temperatures between 1.5 and 10 K could be maintained with a long-time 

stability of about 20 raK. At the highest experimental temperature 

(s 55 K), the stability was about 0.5 K. 

In the present experiments, the optimum configuration for quasi-elastic 

measurements, i.e., the wave vector of the scattered neutrons parallel to a 

plane I = 2n in order to integrate over the energy at constant q [26] (see 

also Eq. (2.50)), would be realised for suitably chosen scans through the 

1=2 plane. Unfortunately, such scans did not reveal any significant change 

of the scattered intensity between 2 and 55 K, due to the reduction of the 

intensity by the magnetic form factor, i"(Q) in Eq. (2.46), and the 

unfavourable orientation of the resolution contour with its largest dimension 

approximately perpendicular to the plane. For this reason, scans were 

performed normal to the 1 = 0 plane. In this scattering configuration the 

angle 0f between kf and the 1 = 0 plane amounts to 85.8° for Q = (0.78, 

0.78, 0), which has been one of the actual spectrometer settings. In Fig 4.5 

this scattering configuration is depicted Hence it is not a priori clear 

whether the quasi-static condition Eq. (2.50) is satisfied. From our inelastic 

scattering experiments (presented in chapter V) at T = 10 K, a 

characteristic energy AE a 0.6 meV may be derived, cf. Fig. 5.5. 

Furthermore, the analysis of the quasi-elastic measurements as given below, 

yields for the correlation length £ a value of 2.58 (± 0.8) spins at 

T = 9.96 K, i.e., £ = 2.58 c/2 = 8.23 A. Insertion of these typical values 

in Eq. (2.50) yields 

*« ^fïm; é -33-2 A • < 4 1 3 > 
In the present experiments performed at HB3 the wavelength A amounted to 

1.497 A, thus the quasi-static condition seems rather well satisfied. 

The intensity profiles perpendicular to the plane 1 = 0 were studied in the 

temperature range between 1.5 and 10 K by performing scans along 
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Fig. 4.5 Diagram showing the scans for quasi-elastic scattering performed 
at UBS. In the middle of the scan the scattering vector Q = (0.78, 0.78, 0). 
The units along the ordinate and abscis axes are 2w/d(110) and 2-K/C, 

respectively. The orientation of the resolution contour is indicated for three 
points in the scan. The inset shows t • resolution contour (I = 0.5 In&x) in 
the scattering plane, determined experimentally at the (110) Bragg reflection 
(HBS). 

Q = (0.36, 0.36, 0 and (0.78, 0.78, () at D1S and HB3, respectively. In 
order to enhance the observed intensity, the horizontal and vertical 
divergence of the neutron beam were increased to the limits imposed by the 
geometry of the diffractometers (* 1°). For HB3 the resulting resolution 
contour in the scattering plane, determined experimentally at the (110) 
Bragg reflection, cf. Eq. (2.55), is depicted in the inset of Fig. 4.5. In this 
scattering configuration, the intensity observed in the 1 = 0 plane was found 
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to increase by a few percent when the temperature was lowered from 55 to 
2 K. The data observed at Q = (0.78, 0.78, <) for T = 55 and 1.94 K are 
shown in Fig. 4.6. The main contribution to the intensity is due to 
incoherent elastic scattering. The sharp peak at q = -0.002 2TT/C results 
from the (110) Bragg scattering of the 2A/3 higher-order beam component. 
The contribution to the scattering resulting from the Id correlations at low 
temperature can be obtained by the subtraction of the intensity in 
equivalent scans at high temperatures. We performed these reference scans at 
T = 55 K, where the magnetic scattering intensity is almost isotropically 
distributed in reciprocal space (paramagnetic scattering). The intensity 
profiles obtained by the subtraction were analysed by least-squares fits of 
the convolution of a single Lorentzian with the experimental resolution 
function B(Q - Q0). Unfortunately, the poor statistics of the experimental 
data did not allow a fitting procedure in which the separate contributions to 
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the observed intensity from the correlations of the a-components of the 

spins for a = x, y and z, are taken into account, cf. Eq. (4.12). Such a 

procedure would imply a fit of the sum of two or three Lorentzians to the 

data. We will discuss the implications of the simplified procedure at the end 

of this section. 

Because the scan range extends over a large distance in reciprocal space, 

especially in the scans performed at T > 4 K, where -0.45 2n/c < q < 

0.45 2-K/C , the orientation of the resolution contour changes significantly 

during the scans, as has been shown in Fig. 4.5. This effect has been taken 

into account in the fitting procedure by calculating the (two-dimensional) 

convolution integral of S(q) with a two-dimensional resolution function 

describing the size and the orientation of the resolution contour. The shape 

of the resolution contour has thereby been approximated by an ellipse. The 

resolution in the vertical direction did not enter the calculations; it does not 

have any effect on the deconvolution procedure since the magnetic scattering 

is constant in planes parallel to the 1 = 0 plane within the range of the 

resolution contour. Furthermore, in the analysis a q-independent term has 

been included in order to account for the small differences in the 

background intensity during subsequent reactor cycles. Note that these 

differences are, in fact, rather small considering the weak signal comprised in 

the large intensities involved in the subtraction procedure. 

The data collected at seven temperatures in the range 1.94 - 9.96 K, 

corrected for the intensity at 55 K, are plotted in Fig. 4.7. The solid curves 

represent the results of the analysis outlined above. The horizontal bars at 

the center of the scans indicate the effective width of the resolution contour 

along c . The resulting inverse correlation lengths aie plotted in Fig. 4.8 as 

K/T versus T. Included in this figure are several theoretical predictions, all 

of which are calculated without any adjustable parameters, i.e., with the 

exchange and anisotropy parameters that are appropriate to CHAB (cf. 

section 3.4). The dashed curve represents the temperature dependence of the 

inverse correlation length of a fully isotropic Heisenberg system of classical 

spins, given by Eq. (4.8) for J/kD = 65.8 K. Above T H K , Eq. (4.8) 

describes the observed correlation length fairly well. At lower temperatures, 

however, the experimental results for K drop significantly below the 

prediction for the isotropic case. The results for « seem to approach the 
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values predicted for the classical XY model, which for T -» 0 is given by 

4JS2 
(4.14) 

At low T the inverse correlation length for the latter model is just half of 
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Fig. 4.8 Temperature dependence of the inverse correlation length K along 

the chains of CHAB-D14, plotted as K/T versus T. Experimental data are 

represented by open circles. The various theoretical predictions are discussed 

in the text. 
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that for the Heisenberg model, cf. Eq. (4.9). Equation (4.14) for 

J/kB = 65.8 K is represented by the dashed-dotted line in Fig. 4.8. The 

suggested crossover from Heisenberg behaviour at high temperatures to XY 

behaviour below T s 3 K is also reflected by transfer-matrix calculations [7] 

of the correlation length of the spin components within the easy plane for a 

chain of classical spins, in which the full set of exchange and anisotropy 

parameters as given in Table 3.3 is used. The results of these calculations 

are represented by the solid curve in the figure. 

From a comparison of the experimental data with the (classical) theoretical 

predictions presented so far, it is obvious that the transfer-matrix 

calculations of the inverse correlation length of a chain of classical spins, 

based on the spin Hamiltonian and interaction parameters as discussed in 

section 3.4, yield a surprisingly good description of the experimental data on 

K for the present quantum S = 1/2 system. One should note that in the 

Eqs. (4.7)-(4.11), appropriate for the classical Id Heisenberg system 

considered by Fisher [22], we have used a classical interaction energy 2JS2 

instead of the semiclassical value 2JS(S+1) [23]. When the latter value is 

used, in conformity with the treatment given by Loveluck [25], the 

theoretical prediction for K/T presented in Fig. 4.8 is shifted downwards by 

about a factor of 3, i.e., far below the experimental data. This tendency is 

consistent with that encountered in the interpretation of the excess heat 

capacity of CHAB-H14 in terms of the classical sine-Gordon model [19,27], 

which also indicated that the spin length should be chosen equal to the spin 

quantum number S. To some extent, this choice is supported by the rather 

good quantitative agreement between the behaviour of K calculated for the 

classical XY and for the quantum S - 1/2 XY model [28], which prediction 

has also been included in Fig. 4.8 as a dotted line. In the next section we 

will consider the behaviour of the spin-spin correlations as predicted by the 

numerical quantum methods appropriate for the 5 = 1/2 easy-plane system, 

mentioned in section 4.3.2. First, however, a few aspects of the present 

interpretation of the experimental data should be emphasised. 

In the experiments reported above the diffuse intensity has been recorded 

transverse tc the [110]-direction in reciprocal space. At the centre of the 
- » 

scan the scati ing vector Q = (0.78, 0.78, 0) is located in the ab-plane at 
- » 

an angle of 23.1° from b. Since only spin components perpendicular to Q 
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contribute to the scattering, it can be deduced from the magnetic structure 

of CHAB presented in chapter III that the proportionality constants AQ in 

Eq. (4.12) (see Eq. (2.46) and Fig. 3.7) have a relative magnitude of 0.28, 

1.00, and 0.72 for the spin components along the easy (x), intermediate (y), 

and hard (z) directions, respectively. At the first and last points in the 

scans for T > 4 K [T < 4 K], Q = (0.78, 0.78, ±0.45) [Q = (0.78, 0.78, 

±0.09)] and the proportionality constants Aa have a relative magnitude of 

0.53, 0.66, and 0.81 [0.30, 0.98, 0.72], respectively. Hence, during the scans 

the "constants" Aa do significantly change with respect to each other. Apart 

from this, the contribution of the spin components to the intensity near 

03 

:i 
3 

O 

3. 

a 

0.01 

T (K) 

Fig. 4.9 Predicted temperature dependence of the magnetic susceptibility 

X (0) and the inverse correlation length Kn along the chains in CHAB for 

the spin components along the easy (x), intermediate (y), and hard (z) 

directions. The results are obtained from transfer-matrix calculations on a 

one-dimensional classical spin model with the full set of exchange parameters 

as given in Table 3.3. K is expressed in units 2/c, the inverse of the distance 

between neighbouring spins. 
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q = 0 is proportional to the corresponding susceptibilities x (0); a = x, / , 

z. The implications for our data analysis are illustrated in Fig. 4.9, where 

we present results of classical transfer-matrix calculations of K^ and x°a(0), 

obtained for the set of parameters appropriate to CHA6. These calculations 

indicate that the correlations between the spin components along the hard 

axis are markedly different from those between the components along the 

easy and intermediate axes. In principle, this behaviour complicates the 

interpretation of the present data. At T > 8 K, however, the difference 

between K^ and K^ decreases to about 25%, and hence the systematic error 

caused by fitting the scattering profile by a single Lorentzian is of the same 

order of magnitude as the experimental uncertainty. For T < 3 K, on the 

other hand, the susceptibility along the hard axis, xzz(0), i s m o r e than a 

factor of 10 smaller than xr*(0) and x^(0)> and therefore the intensity is 

almost completely determined by the spin components within the easy plane. 

For the scans with T < 3 K the factor Az does hardly change within the 

scan range, which implies that also the sum Ax + Ay will remain constant. 

Since xXX{®) z xP'fi) f°r all low-temperature scans, including T = 1.94 K, 

the small changes in Ax and Ay do not affect the measured intensities. 

Therefore, we conclude that outside the cross-over region (3 K < T < 8 K) 

the analysis of the scattering profile is in principle straightforward. 

Unfortunately, the magnetic scattering above 10 K was too weak to enable a 

quantitative analysis of the data. On the other hand, the intensity profile 

below 2 K has not been analysed in detail, since at these temperatures the 

observed magnetic scattering decreased significantly. This is due to the 

development of 3d spin correlations, which cause the intensity to contract 

towards the magnetic Bragg peaks. 

44-2 Numerical quantum calculations on finite chains 

In this section we will compare our experimental data for a with predictions 

for the inverse correlation length obtained from the same numerical QTM 

calculations [17] that have been used previously to describe our 

magnetisation data, cf. section 4.3.2. The inverse correlation length Kn for 

the a-components of the spins can be obtained from the two-spin 

correlation function € S? S\*m> with a = x, y and z, respectively, according 

to the definition 
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/ C a = l i m ln\€S? S?m>/€S? S?mtl>\ . (4.15) 
in-» a> 

This definition, however, is not very suitable for the numerical procedures 
based on the direct diagonalisation of the Hamiltonian for finite chains, 
because it completely relies on the behaviour of the spin correlations for 
large m. As an alternative, the inverse correlation length in zero field can 
also be defined as [25] 

*a = 

1/2 
[2 I <S?S£>| / f I m2€S?S;>| 

m=-m J *• m=-ao 
(4.16) 

in which the contribution of the long-distance correlation functions is of less 
importance. For correlation functions that decay exponentially with the 
distance this definition agrees with the previous one up to second order in K. 
Hence, the differences between the values of K, obtained from Eq. (4.15) or 
Eq. (4.16), respectively, are small for low temperatures. Eq. (4.16) has 
actually been used in the classical transfer-matrix calculations discussed in 
the previous section. It can also be used for the present numerical quantum 
computations of < Sf Sp^ l . 

We will now briefly outline the procedure that has been used to obtain K as 
a function of T. For a more extended treatise the reader is referred to Refs. 
[16,17]. First, the two-spin correlation functions < S0 Sa > were calculated 

- • 

for 1 < m < 50 and a chain of 150 spins, where S0 was located near the 
center of the chain. The calculations were based on Jxx/kB = Jyyfa = 
63 K and (Jxx - Jzz)/kB = 2.75 K, cf. section 4.3.2. The dependence of 
C 5^ 5^> on m is plotted in Fig. 4.10 for several temperatures in the range 
3 < T < 10 K. Since the spin quantum number S = 1/2, the auto
correlation functions <5„ 5„> are equal to 1/4 for all a and m. The figure 
shows that, especially for m < 10 and low T, significant deviations from 
exponential behaviour occur, and hence the use of long chains in the 
calculations of K is essential. In the next step, Kn was calculated from the 
two-spin correlation functions using Eq. (4.16), where for m > 50 the 
correlation functions were estimated by extrapolation of <Sf s£>, assuming 
exponential behaviour. Inclusion of these extrapolations in the summations of 
Eq. (4.16) has a significant effect for low temperatures; at T = 3 K the 
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Fig. 4.10 The behaviour of the two-spin correlation function C Sj S£> as 

a junction of m, for various temperatures between 2.5 and 10 K. The data 

have been obtained from numerical QTM calculations using an appropriate 

set of exchange parameters for CHAB [17]. 

corresponding contribution to the calculated value for «, amounts to ~ 10%. 

In Fig. 4.11 the results have been plotted as n/T versus T, together with 

the experimental data. Inspection of this figure clearly shows a discrepancy 

between the theoretical predictions and our experimental results, i.e., the 

theoretical predictions are systematically lower by almost a factor of 2 for 

temperatures above 4 K. The numerical results for «, as reported by 

Kamieniarz et al. [14], corrected for the fact that in the corresponding 

o 

o 

A 

O 

• 

2.5 K 
4.0 K 
6.0 K 
8.0 K 

10.0 K • -
• -



96 

calculations a value J/kB = 55 K has been used instead of 63 K, predict for 

temperatures above 5 K a more or less constant value of n/T = 0.023 ± 

0.004 spins- K . This value is in good agreement with the present results 

[17], which strongly suggests that the origin of the obvious discrepancy 
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Fig. 4.11 Temperature dependence of the inverse correlation length K along 

the chains of CHAB-D14, plotted as K/T versus T. Experimental data are 

represented by open circles, as in Fig. J^.S. The open squares and triangles 

denote the results of the numerical QTM calculations [11] for KJT and 

KTJT, respectively. The black dots represent «x/T for an in-plane anisotropy 

of 0.02 K. 
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between these theoretical predictions and our experimental results must be 

sought in the interpretation of the experimental data. In this respect we 

recall that in the experimental configuration used for the quasi-elastic 

neutron scattering experiments, both the in-plane and out-of-plane spin 

components were measured simultaneously. In the interpretation based on 

the classical spin model it was assumed that at temperatures above 8 K the 

correlations of the in-plane (x,y) and out-of-plane spin components (z) were 

equal. Furthermore, below T = 3 K the contribution of the out-of-plane 

spin components near q = 0 was negligible. Therefore it was expected that 

the description of the measured intensity profile with a single Lorentzian 

was appropriate in these temperature regions. The QTM results for K* and 

«j indicate that the cross-over from isotropic Heisenberg behaviour at high 

T to anisotropic XY behaviour at low T occurs at much higher 

temperatures, cf. Figs. 4.9 and 4.11. This fact seriously complicates the 

interpretation of the neutron scattering data in terms of a single «, and 

therefore the results of the numerical computations have been compared to 

the experimental data more directly in terms of the intensity distribution 

&*{q). The link between Sa(q) and the correlation functions € Sf 5„> is 

given by the relation 

SQ(q)= t e^cSfsJ» , (4.17) 
m=-aa 

similar to Eq. (4.10). The calculated intensities for the easy (x), 

intermediate (y) and hard (2) spin components were added with weight 

factors 0.28, 1.0 and 0.72, respectively, according to the experimental 

conditions as discussed in section 4.4 1. It turns out that this procedure 

describes the data with an error-sum comparable to that of the single 

Lorentzian used in the previous interpretation. Unfortunately, the statistical 

uncertainties of the experimental data do not allow a more pertinent 

conclusion. 

Finally, we pay attention to the temperature region below 4 K. In contrast 

to the experimental data the calculated values of K^/T increase at low 

temperatures, cf. Fig. 4.11. As will be demonstrated, this discrepancy might 

be caused by the small anisotropy within the XY plane (~ 0.02 K), which 

has been neglected in the QTM calculations so far. The results of the 



98 

classical spin model indicated that this anisotropy may become important in 
the low-temperature region. Therefore the temperature dependence of r^ was 
calculated including an in-plane anisotropy of 0.02 K. The predicted values 
for «x/T are plotted in Fig. 4.11 as black dots. It is obvious from this 
figure that even the inclusion of such a small amount of anisotropy induces 
a significant decrease of K, below T = 5 K. No attempt was made to fit 
the theoretical results to the data by increasing the amount of in-plane 
anisotropy, because the absolute accuracy of the numerical results rapidly 
decreases as T goes to zero and, furthermore, a substantial part of the 
in-plane anisotropy is of dipolar origin, which cannot be properly accounted 
for by the spin Hamiltonian (4.1). 
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Chapter V Spin waves in (C(DnND3)CnBr3 

The low-energy part of the dispersion relation of the intrachain magnons in 

the one-dimensional S = 1/2 easy plane ferromagnet CHAB-D14, 

(C6DnND3)CuBr3) has been determined with inelastic neutron scattering 

experiments. For reduced wave vectors q in the range 0.07 2ir/c < q < 

0.25 2?r/c and T z 1.5 K well defined excitations have been observed. The 

data can be described by linear spin-wave theory using the known values for 

the anisotropics and an isotropic part of the intrachain exchange interaction 

J/kB = 65.8 ± 1 K. This value is in agreement with the results of 

numerical quantum calculations that have been applied to describe zero field 

heat-capacity measurements. 

5.1 Introduction 

In the previous chapter we have discussed our (quasi)-elastic neutron 

scattering experiments dealing with the static magnetic properties of the Id 

S = 1/2 easy-plane ferromagnetic system CHAB. The present chapter will 

be concerned with the second part of our neutron scattering study, where we 

have examined the dynamic properties of the linear spin-wave excitations by 

means of inelastic neutron scattering. In chapter II it was demonstrated that 

inelastic neutron scattering techniques provide a powerful means to study the 

dynamic behaviour of magnetic systems. In principle, this technique allows 

the study of S(Q,o>), which describes the complete dynamics, in a large Q 

and u range. Inelastic neutron scattering experiments on the Id S = 1 easy-

plane ferromagnet CsNiF3 for instance, proved to be a successful technique 

to study not only the linear excitations [1], but also the contribution of the 

non-linear soliton excitations to the dynamic structure factor S(Q,w) [2]. In 

that compound solitons could be identified unambiguously, although the 

corresponding contribution to the central peak at u> a 0 was very weak and 

was superimposed on the incoherent elastic scattering. Furthermore, one had 

to distinguish between the contribution of solitons and that of the 2-magnon 

difference processes, cf. section 5.2. A reduction of the incoherent elastic 
58 scattering was achieved by using a single crystal with the Ni isotope only. 

In the case of CHAB however, the low density of magnetic ions (a factor 
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* 3.1 smaller than in CsNiF3), the low spin value (S = 1/2), and the large 
incoherent elastic scattering (a factor ~ 66 larger than in CsNiF3 for the 
same sample volume), which is mainly due to the large number of 
deuterium atoms, precludes the identification of the solitons with inelastic 
neutron scattering experiments. We therefore confined ourselves to the 
investigation of the linear excitations reported in this chapter. 

We were able to determine the low-energy part of the dispersion relation of 
the intrachain magnons. For reduced wave vectors q in the range 
0.07 27r/c < q < 0.25 2TT/C and T * 1.5 K well defined excitations were 
observed. The experimental data were described by linear spin-wave theory 
based on the Hamiltonian 

M = -2 I (S?JX*SL 4- SXjyysLt + S?/7S?+1) - nM-L Si , (5.1) 
i i 

where we used the known values for the anisotropies in the exchange 
interaction as given in Table 3.3. Partly this study was motivated by the 
results of recent numerical calculations of the magnetisation and the excess 
heat capacity AC = C(B) - C(B=0) in easy-plane chain systems like 
CHAB and CsNiF3 [3-6]. For CHAB, the results of these calculations show 
systematic deviations from the reported experimental data [7], which have 
been attributed to uncertainties in the values of the parameters in the spin 
Hamiltonian [3], or to the deviations of CHAB from ideal model behaviour 
[4]. On the other hand, also the results of the various theoretical approaches 
mentioned above are inconsistent in the experimentally relevant field and 
temperature region [7]. Therefore, additional information about the model 
parameters of CHAB, which may be obtained from an analysis of the 
dispersion relation of the in-chain magnons, seems of interest. 

The organisation of this chapter is as follows. The theory used in the 
interpretation of the data is briefly outlined in section 5.2., whereas the data 
itself will be presented in section 5.3. The chapter is concluded with a 
discussion in section 5.4. 
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5.2 Linear spin-wave theory 

In this section we will briefly outline the derivation of the expressions for 

the intrachain magnon dispersion relation and the dynamic structure factors 

(DSF's) appropriate for CHAB, according to the well-known formalism of 

linear spin-wave theory. In this theory all excited states of the system are 

approximated by a superposition of non-interacting one-spin-wave states, 

which in general are called spin waves. The same theory has also been used 

to derive expressions for the decrease of the magnetisation AMSW, cf. section 

4.3.3, Eq. (4.3). The present inelastic neutron scattering experiments have 

been performed in zero field and in an applied field along the 

crystallographic b-axis. In the latter case the applied field is canted with 

respect to the preferred direction of the spins (cf. section 3.4, Fig. 3.7). In 

zero field this direction is represented by the x-axis, which is located in the 

ab-plane at an angle <p = 25° with the b-axis. To describe the in-field 

situation we transform the Hamiltonian (5.1) to a new coordinate system x, 

y, z as defined in Fig. 5.1, in which, according to the usual formalism, the 

z-axis represents the axis of quantisation, i.e., the preferred direction of the 

spins at T = 0 K in the presence of an applied field. The angle rj between 

the z-axis and the x-axis (= z-axis in zero field) is field dependent. The 

Hamiltonian in the x, y, z coordinate system with B || b reads 

2 I (SÏ J » Sf„ + $ jyy S{„ + S? Jzz S?„) 
i 

g fiBB COS[<p-T}) I S\ 
i 

(Jzz - Jxx) sin27? I ( 4 St., + Sf SÏ,,) 
i 

gb^B im^-rj) I Sf , (5.2) 
i 

Jxx sin2?? + Jzz cos27? , 

Jyy 

Jxx cos2;/ + fz sin2// . (5.3) 

K = -

where 

rvtv 

jXX 

(VIV 

jZZ 
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B//b-axis 

Fig. 5.1 Definition of the set of local axes (xj,^) when a magnetic field 
is applied along the b-axis. The z-axis, i.e., the preferred direction of the 
spins, is located in the ab-plane and coincides with the x-axis for 
B = 0 T. The y~axis coincides with the crystallographic c-axis. The 
meaning of tp and r\ is explained in the text. 

The expression 

j = (j** + jyy + j ^ ) / 3 = (ƒ<* + jyy + j " ) / 3 (5.4) 

defines the isotropic part of the exchange. Because of symmetry conditions 
Eq. (5.2) is valid for both types of chains. For fields applied along the 
other crystallographic directions, Kopinga et al. [8] have derived similar 
expressions. The Holstein-Primakoff transformation [9,10] expresses the spin 

HI 

operators S? in terms of the spin-deviation creation and annihilation 
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operators a; and aj, respectively. In the linear approximation, where the 
entity (1 - a*aj/2S) ' is replaced by the identity operator, these operators 
are defined as 

Sf = \ >/25 (3i + at) , 

<£ = £ V2S (ai - al) f 

5f = S - ataf . (5.5) 

The operators a; and a$ satisfy the boson commutation relations, i.e., 
[ai,aj] = 6iy Because of the linear approximation underlying Eq. (5.5) the 
Hamiltonian (5.2) will be mapped onto a system of non-interacting bosons 
and consequently non-linear effects are completely neglected. In the next 
step of the derivation we note that the system shows translation symmetry 
and hence it will be advantageous to transform the Hamiltonian to 
reciprocal space. This can be accomplished by the introduction of the spin-
wave creation and annihilation operators aq and aq, respectively, defined by 

* _ 1 r * ^ 
3q - p L 3; e , 

aq = Tjy L ai e (5.6) 

Here N denotes the number of spins in the chain. The definition (5.6) 
preserves the boson commutation relation [aq,aq«] = 6(q-q'). Using the 
equations defined above and retaining terms up to second order in the 
creation and annihilation operators aq and aq, the Hamiltonian can be 
written as 

H = K0 + Ksw , (5.7) 

where 

Kn = -NS 2JZZS + gb(iBB cos(v?-7?)] 
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H5W = I [Vqaq + 5 Bq[v-q + a*-qaq]] • (5.8) 

Aq and Bq are given by 

r*f* rwrw 

Aq = 4J*ZS - 2S J** +Jyy\cos(q | ) + ^ „ B c o s ^ ) , 

mm tv 

Bq = J^-J^cwfaf) . (5.9) 

The terms that are linear in aq and aq are absent in Eq. (5.8) as long as TJ 

satisfies the classical torque-balance equation 

2s\jxx - Jzz]sin27? - gbpBB sin{<p-rj) = 0 (5.10) 

In Eq. (5.9), c/2 equals the distance between neighbouring spins, and 

-2TT/C < q < 27r/c. The diagonalisation of Ksw can be achieved by the 

following Bogoliubov transformation [11] (which also preserves the boson 

commutation relation, i.e., [aq,aq.] = 6(q-q')) : 

aq = uq aq - vq a^j , 

aq = 

* 
a.n = 

uq a q ~ vq a - q * 

üq a - q ~ Kq a q » 

a.n = «q <*-q - ^ aq , (5.11) 

where uq and vq are defined as 

"q = 

Aq + £q 

2Er 

1/2 

• Vq = 
Aq-Eq 

2En 

1/2 
(5.12) 

and 

Eq = Aq2 - Bq2 
1/2 

(5.13) 
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Insertion of Eq. (5.11) into Eq. (5.8) yields 

Hsw = £ Eq I ajoq + J - 2 ^ A<; (5.14) 

The term atqOtq in Eq. (5.14) is the number operator nq of spin waves with 
wave vector q. £q is recognised as the magnon dispersion relation, which we 
will use in the interpretation of the experimental data presented in the next 
section. Because the spin waves described by Eq. (5.13) can be interpreted 
as decoupled Bose-oscillators, the number € nq > of excited spin waves at a 
certain temperature T is given by Bose-Einstein statistics 

«nq» = 
EJkBT 

- 1 (5.15) 

In the next part of this section we will evaluate the dynamic structure 
dB ~* factors S ^(Q,w) (cf. Eq. (2.27)) of the system described by the Hamiltonian 

(5.2). It has been shown in chapter II, Eq. (2.29), that these factors are 
directly related to the intensity observed in an inelastic neutron scattering 
experiment. We proceed by writing SQ^(Q,u) in terms of the time-dependent 
two-spin correlation functions according to Eqs. (2.27)-(2.28) 

!a/J(Q,o-) 

+0D 

~ 2TT J 
•JQ d t e - ^ E e ^ c S f W S J f r ) » At (5.16) 

-CD 

We now have to evaluate the expression i 
S£(°) s?(0>- Using Eq. (5.5) 

and the inverse of the Fourier transforms (5.6) it is possible to rewrite the 
spin operators S-+(t) in Eq. (5.16) in terms of the spin-wave creation and 
annihilation operators aq and aq. For a = x, y we find 

4(0 = 

s|(t) = 

r s i 
[2JVJ 

2JV| 

l l / 2 
I e 1 ^ (aq(l) + a!q(0] , 

1/2 
(5.17) 

In the next step the operators aJt) and aq(t) are replaced by the 
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annihilation and creation operators Oq(t) and otq(t), which have been defined 
in Eq. (5.11), yielding 

4 ( 0 = [W)l/2 l ^ K " *J (MO + «%(«)] • 

4 ( 0 = I ( è ] l / 2 £ ^ ("q + V0 [MO - «%(0] - (5-18) 

The time dependence of the operators Qq(t), a*q(0 can be obtained from 
the equation of motion, 

37 MO = J [Ksw,M0] • (5-19) 

Substitution of Eq. (5.14) yields a differential equation, 

£ o j t ) = - j Eq 0,(0 , (5.20) 

with the solution 

-ioU iwqt 
aq(t) = aq(0) e , a%(0 = a%(0) e , (5.21) 

where a;q = Eq/h. Hence, the two-spin correlation functions oi" the spin 

components along the x and y- directions can now readily be obtained 

€S*(0) Sf(t)> = | v ^ K ~ V K«q+1> e e + 

-iuqt iq-r •, 
«Jiq>e e J , (5.22) 

and 

iuiqt -iq-7 
«Jiq+1> e e + 

-iuU iq-r -, 
i i iq> e e . (5.23) 
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M M 

Finally, insertion of Eq. (5.22) into Eq. (5.16) yields for S"(Q,^) 

9 q , r »• 

C u , ! «(ur+wq) «(Q+q-r)] , (5.24) 

M M 

where r is a reciprocal lattice vector. For S^(Q,u) a similar expression can 

be obtained, 

Cflq> J(üH-a/q) *(Q+q-T)j (5.25) 

MM MM 

Obviously, the DSF's S^Q.u/) auid S^Q.a/) consist of two ^-functions at 

u = ±a/q, in which the positive and negative frequencies correspond to spin-

wave creation and annihilation, respectively. At low T (kBT C Tiu/q) there 

are no thermally excited spin waves, < n q ) s 0, and hence only spin-wave 

creation can contribute to the neutron scattering, by processes in which the 

neutron transfers some of its energy (and momentum) to the created 

magnon. The other 6-functions in Eqs. (5.24)-(5.25), i.e., £(Q±q-r), represent 

the conservation of momentum in these scattering processes. In the special 

case of a one-dimensional magnetic system, q has only one significant 

component, i.e., the component along the chain direction. The relevant 

component for CHAB is qc, which we will abbreviate to q throughout this 

chapter. The other two components are irrelevant, i.e , the Id system does 

not show dispersion in these directions (cf. Eq. (5.9)). 

The expression for Szz(Q,u) is more complicated. Its derivation can be 

found in Refs. [12,13], here we only note a few implications. 

S^(Q>«) =^fL [SO " 7)1 5 *(Q-7) *(w) + (terms describing 

processes involving two spin waves) (5 26) 
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'sat In Eq. (5.26), 7 is the spin reduction (MSii - Af)/Afs 

7 = -fig E fuq2 €J»q> + vq
2 C i»q + 2 »j . (5.27) 

q i J 

The first term in Eq. (5.26) is related to the ordering of the magnetic 
moments along the z-axis. In neutron scattering experiments it gives rise to 
magnetic Bragg peaks, cf. Eqs. (2.36) and (2.37). The other terms involve 
the simultaneous creation and/or annihilation of two spin waves with total 
momentum q, and the simultaneous creation of a spin wave and annihilation 
of a second spin wave, where the spin waves have a momentum difference q. 

The nature of S*2(Q,u/) is quite different from that of S^Q.w) and 

S^(Q,u/). The latter involve the creation or annihilation of one spin wave, 
Km, 

whereas £> (Q,w) probes the processes in which two spin waves are 
simultaneously involved. Within linear spin-wave theory, no other processes 
contribute to the dynamic structure factors. 

Finally, as an example, we will evaluate the DSF's for the fully isotropic 
Heisenberg model (JQa = J, for a = x, y , z) in zero field (i.e., x = z, 
y = y and z = x) at T = 0 K. In this simple case Aq = Eq and Bq = 0. 
Hence uq = 1 and vq = 0. Furthermore, at T = 0 K there will be no 
thermally excited spin waves, €n q > = 0. The DSF's (5.24)-(5.26) reduce to 

S"(QfW) = S^(Q)U,) = ^ I^L 2J(U-Uq) *(Q-q-r) , 
q,r 

S"(§,Ü/) = S2&LZ S(Q-T) S(U) . (5.28) 

Thus, the longitudinal component S**(Q,u) leads only to elastic scattering. 
The transverse components yield a contribution to the inelastic neutron 
scattering, which, according to the master formula (2.29), is given by 

af£fc = (7'e)2 \ l'(Q)l2 (i + Q.2) f ^ £*- ' * •> *&** 
(5.29) 



Ill 

The fact that the neutrons cnly interact with the spin components 

perpendicular to the momentum transfer Q is reflected by the orientation 

factor (1 + Qx
2) [14]. 

5.S Experimental results 

The spin-wave excitations in CHAB-D14 have been studied with various 

neutron scattering facilities. At the Ris» National Laboratory, Denmark, we 

measured the low-energy part, £q < 4 meV, of the dispersion relation along 

c , checked the absence of dispersion perpendicular to that direction, and 

studied the behaviour of the spin waves with reduced wave vector q = 

0.135 2r/c as a function of temperature. In all these measurements, 

performed at TAS6 and TAS7, we used neutrons from the cold source. A 

first attempt to observe spin waves with energies larger than 4 meV at 

Rise's thermal beam instrument TAS3 was continued on the triple-axis 

spectrometer IN8 at the Institut Laue-Langevin, Grenoble, France. Table 5.1 

contains a survey of the various experiments and important experimental 

parameters. More details about the experimental facilities, can be found in 

Table 2.1. The samp'.e, a fully deuterated CHAB-D14 single crystal, 

gradually deteriorated upon the inevitable temperature cycles and by the 

chemical reaction mentioned in section 3.2. The initial volume, 
3 

approximately 1 cm , decreased in the subsequent measuring periods to 
3 

» 0.3 cm . The various experiments will be discussed in more detail in the 

rest of this section. 

The investigation of the low-energy part of the dispersion relation, with the 

reduced wave vector q in the range 007 2T/C < q < 025 2T/C, was carried 

out on the triple-axis spectrometer TAS6. The crystal was mounted in a 

He flow-cryostat with the [110] and the [001] (chain direction) axes in the 

scattering plane. To obtain the maximum possible flux at the sample 

position, t configuration with a bent pyrolytic graphite (PG) monochromator 

and analyser, as well as relaxed horizontal collimations (cf. Table 2.1) was 

chosen. The vertical divergence was limited by the geometry of the 
- • -» 

spectrometer. Constant-Q scans were performed at Q = (-0.85, -0.85, q), 

where a focussing scattering geometry is approximated for spin waves with 

the dispersion relation (5.13) and J/kB = 55 K. The incoming neutron 
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Ef = 14.68 
Ef = 34.83 

wave vector 

(A'1) 

*f =2.65 
At =4.05 
*j =4.52 

*i = 1.508 

Jc, = 1.965 

*i =2.618 
Jci = 1.965 

Jcf = 1.389 

lcf = 1.965 

Jcf =2.662 
kt =4.100 

Q 

(rlu) 

various 
- • 

• constant-Q 
scans 

-0.85, -0.85, ( 

C, C, 0.085 

-0.85, -0.85, C 

-2.4, 0.0, 0.2 

various _ 
constant-Q 
constant-E 
scans 

(rlu) 

0.070, 0.085, 
0.100, 0.115 
0.135, 0.150, 
0.170 
0.21, 0.25 
0.135 

-0.50, -0.70, 
-0.85 
0.135, 0.170 

temperature 

(K) 

-v 1.5 

1.4 - 1.5 

1.4 - 1.5 

1.9 - 2.0 

1.5 - 50 

1.5 

1.6 

1.6 
1.6 

B||b 

(T) 

~ 

™ 

0 - 6 

crystal 
volume 
(cm») 

~ 1 

~ 1 

2 - 0.25 

2 x 0.15 

Table 5.1 Inelastic neutron scattering configurations, rlu = reciprocal lattice unit. 
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energy was kept constant at E{ = 4.71, 8.00 or 14.20 meV (cf. Table 5.1). 

In Fig. 5.2 some typical sets of data, collected at temperatures just below 

and above the 3d ordering temperature, are depicted. The data have been 

corrected for the change of the resolution volume Vf (~ kf cot8A) over the 

0 0 

T~ 

q, - 0.070 (Jn/c ) 

T - T.4 K 

9 » 0S9 
E (m«V) 

c 
Ë 

joo 

C7V (?T.'C> 

T.9 K 

F (-«.» 

Fig. 5.2 Spin wave scattering measured at TAS6 in constant-Q = 

(-0.85, -085, q) scans, with fixed incoming energies (see Table 5.1). The 

solid curves are fits to the data which have been corrected for the change of 

the resolution volume Vf. 
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0.0 0.1 0.2 0.3 

q &n/c) 

Fig. 5.3 The low-energy part of the in-chain spin-wave dispersion 

relation of CHAB-D14- The circles and crosses represent the zero-field 

measurements performed at TAS6 and TAS7, respectively. The two triangles 

denote the results of the zero-field and in-field (B = 6 T along the b-axis) 

measurements at IN8. The full curve is the result of a me-parameter fit to 

the zero-field data with the known anisotropics listed in the upper left 

corner. The dashed curve is the theoretical prediction for the dispersion in a 

magnetic field of 6 T parallel to the b-axis. The dotted curve reflects the 

dispersion in zero field for a fully isotropic Heisenberg model with the same 

value of J/kv = 65.8 K. 
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cr 
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B=6T 

0.0 0.2 0.4 0.6 0.8 1.0 

q (2Vc) 

Fig. 5.4 The intrachain spin-wave dispersion relation of CHAB-D14 

extrapolated to the Brillouin zone-boundary. Data points and curves as in 

Fig. 5.3. The inset shows the dispersion perpendicular to the chains. 

scan range, according to Eq. (2.59). A calculation of the effective resolution, 

using a program based on the theory of Cooper and Nathans (Ref. [15], cf. 

section 2.2.1), reveals that all observed spin waves at T a 1.5 K (< TJJ), 

with the exception of the spin wave with q = 0.07 2?r/c, have a resolution-

limited width. Therefore the sets of data have been fitted with a Gaussian, 
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the assumed shape of the resolution function, plus a constant background. 
The resulting spin-wave energies Eq are plotted in Figs. 5.3 and 5.4 as open 
circles. The integrated spin-wave intensities, scaled with respect to the 
integrated intensities of the observed elastic incoherent scattering, were found 
to be independent of the reduced wave vector q within a factor of two, i.e., 
no systematic change in the intensities was observed. 

The behaviour of the spin waves with q = 0.135 2?r/c, where Eq » 1.2 meV, 
has been studied as a function of temperature. The spin-wave signal can be 
identified for temperatures up to 10 K. The results, corrected for Vf, are 
given in Fig. 5.5. In the fitting procedure used to derive the spin-wave 
energies Eqi based on a simple Gaussian plus a constant background, we left 
out those data points that are in the tail of the incoherent peak around 
zero energy transfer. Especially in the scans at higher temperatures, this tail 
extends towards larger energy transfers, which may give rise to an additional 
uncertainty in the results for Eq. In Fig. 5.6 the obtained spin-wave energy 
Eq is shown as a function of temperature. The error bars reflect the 
calculated la statistical uncertainty. Although this uncertainty is quite large, 
the magnon energy appears to increase with increasing temperature. The 
drawn line in Fig 5.6 represents a best fit through the data points. The 
extrapolated value for Eq at T = 0 K amounts to 1.148 meV, which is 
1.5% smaller than the spin-wave energy at 1.5 K. The broadening of the 
spin-wave signal observed above TK may probably be attributed to the 
decrease of the correlation length ( [16]. According to Villain [16,17] spin 
waves may exist as long as the condition q~ < £ is satisfied, i.e., a 
situation where the spin-wave wavelength is comparable to the length of a 
region of correlated spins. This condition seems to be satisfied in the present 
experiments. As discussed in chapter IV, at a temperature of 5 K (10 K) £ 
amounts to ~ 6 spins (* 2.5 spins), whereas in the present experiments 
(with q = 0.135 2JT/C) q~l » 2.4 spins. 

Fig. 5.5 (Right page) Intensity profiles observed in constant-Q = 
(-0.85, -0.85, 0.1S5) scans, as a Junction of temperature. Ej = 8.00 meV, 
fixed. The solid curves are fits to the data which have been corrected for the 
change of the resolution volume Vf. 
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Fig. 5.6 Temperature dependence of the spin-wave energy of the spin 

wave with q = 0.135 2ir/c. 

With spectrometer TAS7 the dispersion perpendicular to the chain direction 
was investigated. Using a fixed final neutron energy Ef = 4.00 meV, and 
horizontal collimations of 30', 60', 81', 66' (from reactor to detector), an 
energy resolution better than 0.4 meV (FWHM) was achieved, which enabled 

- • 

us to observe small shifts in Eq. At a temperature of 1.5 K constant-Q 
scans were performed at points Q = ((, (, 0.085) to study the energy of the 
spin waves (for q = 0.085 2x/c, Eq z 0.55 meV) as a function of £• The 
results are shown in the inset of Fig. 5.4. Within the experimental accuracy 
no dispersion in the [110]-direction is observed, as expected for a Id system, 
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cf. section 5.2. The observed value of £q has been included in Figs. 5.3 and 

5.4, together with the results from two other spin-wave observations at 

TAS7 (cf. Table 5.1). These latter two spin waves have been observed at 

T = 1.6 K, which is slightly above TH, whereas the corresponding spin 

waves at TAS6 were observed at temperatures just below TR (cf. Table 5.1). 

Fig. 5.3 illustrates that there is no systematic difference between the 

spin-wave energies just above and below TB. The same conclusion applies to 

the line shape; the signals remain resolution limited. These phenomena 

appear to be quite common to quasi one-dimensional magnetic systems 

[16,18]. Obviously, the small mean field created by the 3d ordering has only 

little influence on the spin-wave excitations, although it seriously affects 

static properties like Msub (cf. chapter IV, section 4.2) and C(B=0) [19]. 

Using the anisotropy parameters given in Table 3.3, a fit of Eq. (5.13) to 

the data considered so far, which are represented by the open circles and 

crosses in Figs. 5.3 and 5.4, yielded for the isotropic part of the exchange 

interaction J/kB = 66 + 1 K. We note that this analysis of the neutron 

scattering data in the low-g range does strongly depend on the precise 

values of the anisotropy parameters in the model system. This is illustrated 

in Fig. 5.3 where we compare the dispersion relation of an anisotropic chain 

described by Eqs. (5.1), (5.9) and (5.13) with J/kB = 65.8 K and anisotropy 

parameters as given in Table 3.3 (full curve) with the dispersion of a fully 

isotropic Heisenberg chain with the same value for J/kB (dotted curve). 

Despite the fact that the anisotropy parameters are believed to be very 

accurate, we tried to get an estimate for J/kB which depends less on these 

parameters. Such an estimate can, in principle, be obtained by measuring 

the spin waves at the zone boundary, since at the value q = 2w/c the spin-

wave energy is nearly equal to A3. For instance, even in the case of 10% 

XY anisotropy (Jzz/Jxx = 0.90) the the spin-wave energy at the zone 

boundary still amounts to 4J within 1%. A first attempt to observe spin-

wave signals with q > 0.25 2-n/c at Riso's thermal beam instrument TAS3, 

however, was unsuccessful. This was due to a considerable decrease in flux 

with respect to the cold-source instruments TAS6 and TAS7, and the poor 

energy resolution at higher neutron energies. Moreover, the observed 

constant-Q spectra showed an additional non-magnetic contribution in the 

energy range around 6 meV, which corresponds i.o an expected spin-wave 

momentum q = 0.35 2TT/C, cf. Fig. 5.4. This non-magnetic contribution, 
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which has also been observed in a hydrogenated sample, possibly results 
from a vibrational lattice mode. To go beyond this energy-transfer range 
with a thermal flux comparable to Ris0's cold flux we performed inelastic 
scattering experiments on the triple-axis spectrometer IN8, at ILL (cf. 
Tables 2.1 and 5.1). In order to separate the magnetic scattering from 
additional non-magnetic inelastic scattering, the measurements were 
performed both in zero field and in a magnetic field of 6 T. Such a field is 
expected to produce a Zeeman shift of approximately g(i%B «0.7 meV. The 
sample was oriented with its ac- plane in the scattering plane and the b-axis 
along the (vertical) magnetic field, in which case the effect of the applied 
field is identical for both types of chains. The sample consisted of two 
aligned single crystals with a total volume of ~ 0.3 cm . The measurements 
were performed using a pyrolytic graphite (PG) analyser and, in view of the 
high flux needed, relaxed horizontal collimations of 45', 60', 60', 60' (from 
reactor to detector). For the monochromator either PG(002) was selected in 
a configuration with a fixed final energy E{ = 14.68 meV or Cu(lll) with 
Ej = 34.84 meV fixed (cf. Table 5.1). The latter configuration was intended 
to observe the spin waves in the vicinity of the zone boundary q = 2T/C, 
where the expected spin-wave energy amounts to 22.7 meV, cf. Fig. 5.4. In 
both cases a PG filter was used to suppress second-order neutrons. This 
filter had two windows, at the neutron energies E{ mentioned above, with 
relatively good transmission (> 75%, cf. section 2.2.1). Rocking curves of 
some Bragg reflections revealed that upon cooling down to 1.6 K the two 
crystals forming the sample were rotated with respect to each other around 
the w-axis (= b-axis) by 0.5 degrees. In the actual experimental 
configurations, however, this small misalignment only resulted in differences 
in q or Eq that were smaller than the corresponding resolution. 

The first measurements were done in the low-q range. The results of 
constant-Q scans at Q = (-2.4, 0.0, 0.2) are shown in Fig. 5.7. Despite an 
unfavourable signal-to-background ratio, the field-induced shift of the 
magnon energy is well resolved. The triangles in Figs. 5.3 and 5.4 denote 
the corresponding magnon energies. A fit, including J/kB as the only 
parameter, to all zero-field data points, using expressions (5.9) and (5.13) 
with B = 0 and anisotropy parameters as given in Table 3.3, yields a value 
of J/kB = 65.8 ± 0.8 K. Here the indicated error denotes the la statistical 
uncertainty. The full lines in Figs. 5.3 and 5.4 represent the corresponding 
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Fig. 5.7 Intensity profiles observed at T = 1.6 K in zero field (open 
circles) and in an applied field B = 6 T along the b-axis (crosses). The 
profiles were measured at IN8 in constant-Q = (-2.4, 0.0, 0.2) scans. 
Ef = 14-68 meV, fixed. The full curves are guides to the eye. 

theoretical prediction. The dashed curves reflect the prediction for the same 
interaction parameters and a field of 6 T along the b-axis. We used the 
value g = 2.06 ± 0.04 inferred from measurements of the saturation 
magnetisation Msat, cf. section 4.3.1. Under these experimental conditions the 
torque-balance equation (5.10) yields for the angle 7/ a value of 
15.30 degrees. From the results presented in Fig. 5.3 we conclude that the 
linear spin-wave theory outlined in section 5.2 provides a very satisfactory 
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description of the present inelastic neutron scattering data. 

Unfortunately, our attempts to observe spin waves with energies above 
6 meV have been unsuccessful. We tried various experimental configurations 
where, on basis of focussing considerations and the previously observed more 
or less constant scaling factor between the spin-wave intensity and the 
incoherent elastic intensity, a detectable spin-wave signal was expected. The 
reason for this negative result is not clear, especially since in a more or less 
comparable Id ferromagnetic S = 1/2 copper system, CuCl2-DMSO, Satija 
et al. [18] observed well defined spin-wave signals in the entire q-range 
above q = 0.25 27r/c. 

54 Discussion 

The good overall agreement between theory and experiment shown in 
Fig. 5.3 demonstrates that the linear spin-wave theory, outlined in section 
5.2, describes the observed part of the dispersion relation of the magnons 
along the chains in CHAB very well. The one-parameter fit of the 
theoretical dispersion relation to the zero-field data yields for the isotropic 
part of the intrachain interaction parameter J/kB = 65.8 ± 0.8 K. This 
value is 20% larger than the previously reported [19] value J/kB = 55 ± 
5 K obtained from heat-capacity measurements. We will return to this 
discrepancy in the last part of this section. First we comment on the 
approximations made in the analysis of the present neutron scattering data. 

The linear spin-«ave theory outlined in section 5.2, describing the 
contributions of the various spin components to the measured intensity, is 
essentially a T = 0 K theory assuming a perfect ferromagnetic ground state, 
i.e., the number of spin waves has to be small. In the evaluation of the 
data, by fitting the observed signals with a single Gaussian, we did not 
account for the individual contributions of the separate spin components (cf. 
Eqs. (5.24)-(5.26)). However, because the one-spin-wave states described by 

nit* (vw (V~ 

^X(q,u) and S^(q,u/) have the same energy uq, and Szz(q,u>) does not 
significantly contribute to the measured intensity, this procedure will be 
valid for the observed spin waves in the ordered regime. At higher 
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temperatures this procedure may no longer be appropriate. 

For a Id system with a large easy-plane anisotropy and S > 1/2, Villain 

[17,20] has calculated the separate contributions of the spin components S* 

and S? within the easy plane and the spin component S2 along the hard 

axis in the paramagnetic region. The different behaviour of these spin 

components is reflected by the so-called in-plane correlation component 

(IPC), i.e., CSfto) Sf ••(*)» and € 5^(0) 5 ^ . ( 0 1 , and the out-of-plane 

correlation component (OPC), i.e., fSf(O) S?«•(())- 1° t n e paramagnetic 

region the predicted IPC contribution to S(q,u>) is broad, the FWHM 

increases with T, and has a Lorentzian peak shape. The FWHM of the OPC 

contribution is predicted to be resolution limited. Because neutrons interact 

only with the spin components perpendicular to the momentum transfer Q, 

it J in principle possible to separate the IPC and OPC contributions for a 

particular spin wave by carefully selecting the momentum transfer 

perpendicular to the chains. Applying such a procedure, Steiner et al. [21] 

analysed the IPC and OPC contributions of CsNiF3, and found a behaviour 

that quantitatively agreed with the predictions summarised above. 

From an experimental point of view, the statistical errors of the present 

data on CHAB measured in the paramagnetic region are too large to allow 

for a detailed analysis of the peak shape of the spin-wave signals. Moreover, 

such an analysis would be even more complicated than in the case of 

CsNiF3 because of the presence of two types of chains, cf. section 3.4. In all 

scans on CHAB performed at T > TR, we actually measured a superposition 

of IPC and OPC contributions. It is not clear to what extent the theoretical 

predictions [17,20] for these contributions are applicable to CHAB (S = 1/2, 

small easy-plane anisotropy). Since, however, the peak position of the IPC 

and OPC contributions is predicted to be the same, our analysis of the 

observed magnetic scattering with a single Gaussian will not affect the 

calculated spin-wave energy. 

With respect to the width of the spin-wave signals, we observe that below 

Tv and in the paramagnetic region up to (at least) 1.6 K, i.e., 1.03-TK, the 

peaks are resolution limited. This is the usual behaviour for an ordered 

magnet where the linewidth reflects the relaxation rate of a collective 

excitation. In the paramagnetic region there is no long-range order and the 
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linewidth is believed to be governed by the correlation length £ [16,18,21]. 

The study of the temperature dependence of the magnetic scattering at 

q = 0.135 2T/C, cf. Figs. 5.5 and 5.6, reveals that well-defined signals exist 

at zero field up to a temperature of 10 K, where the correlation length 

amounts to only 2.5 spins, cf- chapter IV. This indicates that the "naive" 

picture underlying the applicability of the Holstein-Primakoff transformation 

for an ordered system, where C S2 > z S, is rather oversimplified. 

We finally return to the difference between the values for J/kB obtained by 

the neutron scattering experiments and the previously reported [19] specific-

heat measurements on CHAB. As has already been discussed in section 3 4, 

in the analysis of these specific-heat measurements use has been made of a 

theoretical model for the magnetic heat capacity CN that was based on 

extrapolation of numerical results for finite chains. Since the accuracy of 

these extrapolations strongly decreases at temperatures below 6 K, and at 

higher temperatures the experimental heat capacity is dominated by the 

lattice contribution CL, the uncertainty in the inferred magnitude of J was 

rather large, as reflected by the reported value J/kB = 55 ± 5 K. The 

obvious discrepancy between the J values inferred from the two independent 

measuring techniques and the availability of new and probably more accurate 

numerical estimates for CM, has stimulated further study on the specific heat 

of CHAB. New heat-capacity measurements were performed on a single 

crystal in zero field in the temperature range 1.2 < T < 20.5 K. The 

results were found to be equal to the data obtained previously (on a 

poly crystalline sample) within the experimental accuracy (2%), except for 

temperatures between 2.5 and 8 K. In this temperature range the new data 

were up tc 6% lower [7]. The data were analysed by simultaneous fits of 

C* + Q.- F°r Ci a three-parameter expression appropriate for a chain-like 

structure was used [22]. For CM estimates were obtained either from 

extrapolations of numerical results for chains up to 11 spins [4,7], or by a 

quantum transfer matrix (QTM) calculation based on the Lie-Trotter 

product formula [5]. This latter approach allows the computation of the 

properties of chains up to a few hundred spins, thus avoiding the 

uncertainties introduced by extrapolation of the results for finite chains. On 

the other hand, results can only be obtained for finite values of the so-

called Trotter number m [5,23]. It turned out that the extrapolations of 
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numerical results for chains up to N = 10 and 11 spins, respectively, 

coincide within 1% with the experimental data for temperatures above 7 K. 

At lower temperatures, however, large deviations occur. A fit of C^ + CL 

to the experimental data in the region T > 7 K yielded a value for the 

exchange interaction of J**/^* - 63 ± 3 K \1\. A modified version of the 

QTM method mentioned above [23], which has also been used in the 

interpretation of the magnetisation and quasi-elastic scattering data, cf. 

sections 4.3.2. and 4.4.2, respectively, appeared to describe the experimental 

data down to a temperature of 3.5 K with a deviation of less than 0.5%. 

This result was obtained using in the analysis the values / z x /k B = 63 K 

and (J™ - /*) /kB = 2.75 K. We conclude that the results for ^ / k , of 

these numerical calculations do not only agree with each othert but are also 

in fair agreement with the independent result J/kB = 65.8 ± 0.8 K, i.e. 

J^/kg = 66.7 K, obtained from our inelastic neutron scattering 

experiments. In this way the discrepancy with the previous analysis [19] of 

the magnetic specific heat of CHAB has been resolved. 

The agreement between the results of the inelastic neutron scattering 

experiments and the numerical calculations mentioned above might even be 

slightly improved if the temperature dependence of £q, measured for spin 

waves with q = 0.135 2T/C, is considered. If we extrapolate the observed 

temperature dependence of £q to T = 0 K, the corresponding value of J/kB 

would decrease by ~ 1.5%, which corresponds to J/kB = 64.8 K. At this 

point it should be emphasised that despite the fact that the previously 

reported value for J/kB is <* 15% smaller than the presently reported 

value(s), the overall qualitative physical picture with respect to magnetic 

properties of the Id system CHAB remains unaltered. On the other hand, 

for a precise quantitative analysis accurate information about the magnitude 

of the exchange parameter is essential. We feel that the present values for 

J/kB provide a reliable starting point for a detailed quantitative comparison 

between the predictions from the various recent numerical methods for the 

thermodynamic properties of CHAB, and the corresponding experimental 

data. 
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Chapter VI The crystal structure of (Za^lln^jAs, 

The crystal structure of (Zn,.jtMnx)3As2 has been determined with neutron 
powder diffraction for x = 0, 0.08, 0.135 and 0.20, at temperatures of 300 
and 4.2 K. The structure of these compounds turned out to be the same as 
that of the a-phase of Cd3As2, with space group I4tcd. For the largest two 
Mn concentrations diffuse scattering has been observed around Q = 8 x/a, 
which is probably due to deviations from long-range order of the systematic 
stacking of the vacancies in the structure and/or to a non-random 
distribution of the Zn/Mn atoms. 

6.1 Introduction 

The compound (Znl.xMnx)JAs2, which we will denote as ZMA, is a member 
of the II-V group of diluted magnetic semiconductors. Diluted magnetic 
semiconductors (DMS's) or semimagnetic semiconductors (SMSC's) are 
ternary or quaternary semiconductor alloys in which a part of the 
non-magnetic metal ions has been substituted by magnetic ions. The 
elements Mn and Fe are frequently used as substitutes. The presence of 
magnetic ions in these compounds leads to a spin-spin exchange interaction 
between the localised magnetic moments and the itinerant band electrons. 
Remarkable physical effects have been observed, e.g., large Zeeman splittings, 
large negative magnetoresistances, and so-called carrier-induced 
ferromagnetism. Furthermore, DMS's are of interest because of their 
spin-glass properties. An extensive review of the observed electronic and 
magnetic properties of DMS's can be found in Refs. [1]. 

To a large extent the present research is focussed on the physical 
mechanism underlying the magnetic exchange interaction and the origin of 
the spin-glass transition at low temperatures. Initially, the spin-glass 
formation at the so-called freezing temperature Tj was attributed to 
topological frustration effects of the antiferromagnetically coupled nearest-
neighbour moments, whereas the range of the interaction was thought to be 
limited to these nearest neighbours. Therefore it was expected that the spin-
glass transition would not occur at concentrations of the magnetic ions 
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below the percolation limit. However, transitions to a spin-glass state were 

also observed for Mn-concentrations well below the nearest-neighbour 

percolation limit in ZMA [2], its isomorph (cf. section 6.3) (Cd1.xMnx)3As2 

(CMA) [3], in many other DMS's like A(Mn)B, with A = Zn, Cd, Hg, Pb 

and B = S, Se, Te [4], and in the Zn(Fe)Se compound [5]. This indicates 

that the interaction between the Mn (Fe) ions is extending beyond nearest 

neighbours. 

Further evidence for a long-range interaction is provided by specific-heat 

and magnetisation measurements. Denissen [6] has analysed the available 

magnetic specific-heat (CN) data for several of the DMS's by a modified 

version of the simple nearest-neighbour cluster model, where all interactions 

are basically short-range. In this modified model, apart from the 

contributions to CH of the single-ion and pair-cluster configurations, the 

contributions of various types of clusters with three magnetic ions, the so-

called triples, are taken into account. This strategy, however, did not yield 

a satisfactory description of the experimental data, unless it was assumed 

that a considerable chemical clustering of the Mn ions occurs. A second 

shortcoming of this cluster model relates to the results of magnetisation 

measurements [7], where steps in the magnetisation have been observed at 

very high fields (> 10 T). These steps have been attributed to strongly 

antiferromagnetically coupled nearest-neighbour pairs, which become 

uncoupled at these high fields [7]. The magnitude of the nearest-neighbour 

exchange interaction, that may be derived from the Zeeman energy, amounts 

typically to Jt/kB ~ -50 K, which is an order of magnitude larger than the 

interaction strength used in the modified cluster model to describe the CM 

data. 

On the other hand, the extended nearest-neighbour pair correlation 

approximation (ENNPA) [2,6], in which the magnetic interaction is assumed 

to be long-range, yields a fair description of the experimental data without 

the need for the questionable assumption of a non-uniform distribution of 

the Mn atoms. It has been shown that this model is capable to describe 

simultaneously the observed magnetic specific heat Cy, the magnetisation M, 

and the susceptibility \ of ZMA and CMA for Mn concentrations up to 

10%, and also the corresponding data on many other DMS's in the II-VI 

group [2,6,8]. In the case of ZMA and CMA the extended nearest-neighbour 
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pair approximation was based on the crystal structure of Zn3As2 which has 
been reported by Pietraszko and Lukaszewicz [9] and the isomorphic 
structure of Cd3As2 [10], both at a temperature of 300 K. As mentioned 
above, a random substitution of the Zn (Cd) atoms by Mn atoms was 
assumed. 

In this chapter we report on our neutron diffraction experiments which were 
aimed at the determination of both the crystal structure of ZMA and the 
Mn distribution for various Mn concentrations in the range 0 - 20%. In the 
following section we first describe the preparation of the samples. Next, in 
section 6.3, the neutron diffraction experiments on powdered samples with 
nominal Mn concentrations x = 0, 0.08, 0.135 and 0.20 will be outlined. 
These powder measurements have been performed at 300 K as well as 
4.2 K. Subsequently, the determination of the crystal structure of ZMA, 
which to our knowledge was unknown up till now, will be discussed. Section 
6.4 deals with some results of diffraction measurements on single crystals 
with nominal x = 0.02 and 0.15, whereas the chapter is concluded with a 
discussion. 

6.2 Synthesis 

The ZMA samples were prepared by a modified Bridgman method. In an 
evacuated carbon-coated quartz ampoule stoichiometric amounts of the pure 
elements were heated up till 1150 °C, which is above the melting point of 
Zn3As2 (1015 °C). After a period of ~ 1 day, intended to obtain a thorough 
mixing of the elements, which was improved by making the ampoule vibrate 
using an ordinary electric razor, the ampoule was very slowly 
(* 20 mm/day) moved out of the oven. For nominal Mn concentrations up 
to ~ 15%, single phase (poly)crystalline samples were obtained. In several 
cases single crystals with a typical volume 0 . 1 - 1 cm were formed [6], To 
study the influence of the cooling rate on the structure, the samples with 
nominal x - 0.135 and 0.20, after being studied with neutron powder 
diffraction, were used as starting materials in a second synthesis. The 
procedure was analogous to the method described above, except that this 
time the ampoules were quenched in water instead of slowly cooled down. 
The composition of the samples was checked at ECN with electron probe 
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micro analysis (EPMA). With this technique the characteristic X-rays from 
the elements of the sample, emitted upon exposure to a 20 keV electron 
beam, are analysed quantitatively. The X-ray detector is incorporated in a 
JEOL JXA-840 scanning electron microscope (SEM). The cross-section of 
the electron beam focussed at the sample position, ~ 1 /xm , and the 
penetration depth into the sample, ~ 1 /xm, determine the dimensions of the 
examined volume. By moving the sample with respect to the electron beam 
various positions can be examined. In a few cases the results of the EPMA 
measurements were checked by chemical analysis. It turned out that the 
results of both methods were in agreement within their accuracy limits. 

6.3 Structure analysis 

In this section we discuss the neutron powder diffraction measurements on 
ZMA with nominal Mn concentrations x = 0.0, 0.08, 0.135 and 0.20, at 
temperatures of 300 and 4.2 K. Initially, the samples were obtained by a 
process in which they have been slowly cooled down, cf. section 6.2. The 
measurements on these samples will be discussed first. In the last part of 
this section we discuss the results on the samples that were quenched. The 
diffractograms were collected on the powder diffractometer HB5 at the High 
Flux Reactor in Petten, cf. section 2.2.2 and Table 2.1. The wavelength was 
either A = 2.5804 A or A = 2.5858 A, and a pyrolytic graphite filter was 
used to suppress A/n contamination to less than 0.1%. After correction of 
the measured intensities for absorption, cf. section 2.2.2, Eq. (2.80), the data 
were analysed using the Rietveld profile-refinement technique, cf. Eq. (2.79). 

Starting point in the analysis of the crystal structure of ZMA was the 

Fig. 6.1 (Right page) Perspective projection of the crystal structure of 
Zn$As2 on the bc-plane. The tetragonal unit cell, containing 160 atoms, is 
built up from 16 fluorite cubes. Each cube contains 4 As atoms on a FCC 
lattice (apCC « 5.9 k) and 6 Zn atoms on a distorted SC lattice (lattice 
constant as aFCC/2,J with two vacancies connected by a body diagonal. These 
vacancies are represented by open circles at the sites of the undistoried SC 
lattice. 
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known structure of Cd3As2 [10] and the similar structure of a-phase Zn3As2 

[9] with space group I4]Cd, which is shown in Fig. 6.1. From this figure it 
can be seen that the body-centered tetragonal unit cell is built up from 16 
so-called fluorite cubes, one of which is depicted in Fig. 6.2. The length of 
the c-axis of the unit cell is 2+5 times the length of the a-axis, with 
6 s 0.005, depending on the Mn concentration. The length of the a-axis is 
approximately 11.8 A. The total number of atoms in the unit cell amounts 
to 160, whereas each fluorite cube contains 4 As atoms on a face-centered 
cubic (FCC) lattice (aFCC s 5.9 A), and 6 Zn/Mn atoms on a (distorted) 
simple cubic (SC) lattice (lattice constant a aPCC/2). The latter atoms are 
approximately located on three of the four body diagonals of the fluorite 
cube. The systematic stacking of the body diagonal connecting the two 
vacancies in each of the 16 fluorite cubes satisfies the the symmetry imposed 
by the four tetrad screw axes of the space group 14^d. The vacancies are 
represented by the large open circles in Figs. 6.1 and 6.2. 

Fig. 6.2 Perspective projection of one of the 16 fluorite-type cubes 
forming the unit cell of Zn3As2, cf Fig. 6.1. 
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It has been reported that upon heating several phase transitions occur in 

Zn3As2 and Cd3As2 [11]. With increasing temperature the following phases 

can be distinguished: the so-called a-phase (space group I4jcd) for 

temperatures up to 220 °C and 162 °C for ZMA and CMA, respectively, 

and next, the a'-phase (P42/nbc), the a"-phase (P42/nmc) and the highly 

symmetric /3-phase (Fm3m) for temperatures larger than 672 °C and 595 °C, 

respectively. These phases differ only in the stacking of the vacancies in the 

SC lattice, implying smaller unit cells for the a and /?-phases. The 

a'-phase has an unit cell built up from 16 fluorite cubes similar to the 

a-phase, but in contrast to the a-phase it is not body centered. In the 

subsequent analysis we have checked the possible occurrence of these phases. 

In this respect we note that impurities in Cd3As2 and Zn3As2 might stabilise 

the a"-phase at room temperature, as is reported in Ref. [11]. Furthermore, 

according to Zdanowicz et al. [12], the structure of CMA with x in the 

range 0.034 - 0.20 is that of a"-phase Cd3As2. 

First, we checked the crystal structure of our reference sample Zn3As2 at 

300 K and confirmed the a-phase structure, in accordance with the results 

quoted above [9]. The numerical results of the refinement procedure are 

listed in Tables 6.1 and 6.2a, and Fig. 6.1 has been drawn using the values 

for the atom positions listed in Table 6.2a. We have also tried to refine the 

structure of Zn3As2 by imposing the symmetry conditions of P42/nmc 

(a"-phase). This procedure, however, yielded a bad fit to the measured 

diffractogram with an R-factor larger than 22%, which is caused by the fact 

that the symmetry elements of this space group do not allow some of the 

observed reflections. 

The refinement of the structures of ZMA with x = 0.08 and 0.135 

(diffractograms collected at 300 K) yielded analogous results. Both 

compounds are in the a-phase, cf. Tables 6.1, 6.2b and 6.2c. The measured 

and calculated diffractograms for x = 0.135 are shown in Fig. 6.3. In the 

analysis, a random substitution of Zn by Mn was assumed, i.e., the 

occupation numbers JV for Zn and Mn were chosen equal to 1-x and x, 

respectively. For the Mn concentration x we used fixed values corresponding 

to the results of the EPMA measurements mentioned in the previous section. 

These EPMA measurements did not only provide numerical estimates for the 

actual Mn concentration in the samples, but also revealed a homogeneous 
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Mn cone. 

cell 

a = b A 

c A 

c/a 
fyiucl % 

X2 

Win cm"1 

P g/cm3 

x EPMA 

x = 0.000 
normal 

11.7823( 6) 

23.6385(24) 

2.0063 

2.82 

5.51 

0.399 

5.602 

-

x = 0.080 
normal 

11.8001(10) 

23.6538(38) 

2.0045 

4.42 

5.04 

0.434 

5.541 

0.08±0.005 

x = 0.135 
normal 

11.8092(17) 

23.6436(65) 

2.0021 

4.07 

4.79 

0.458 

5.507 

0.135±0.01 

x = 0.20 
quenched 

11.8303(35) 

23.676(14) 

2.0013 

12.9 

23.5 

0.484 

5.447 

0.20±0.03 

Table 6.1 Some properties of the (Zni.xMnx)2As2 samples. The cell 

dimensions, Rnuc\ and the residual \ are ^ e results of the profile 

refinement, the numbers in brackets denote the statistical errors in units of 

the least significant decimal place. Furthermore, the linear absorption 

coefficient nnn, the specific mass p and the actual Mn concentration range, 

as determined by EPMA, are listed. 

distribution of the elements. In the refinement for the sample with Mn 

concentration x = 0.08, the introduction of x as a free refinement parameter 

yielded the same Mn concentration as the EPMA result. This agreement 

indicates the validity of the assumptions mentioned above. An attempt to 

refine the structure of ZMA with x = 0.135 using the symmetry conditions 

of P42/nbc (a'-phase) resulted in a fit with R = 6.5%. Although this value 

Fig. 6.3 (Right page) Measured and calculated diffractogram for ZMA 

with x = 0.135. The circles denote the experimental data, the full curve is 

the result of profile-refinement analysis. The inset shows the diffuse 

scattering contribution around 2& z 50° in more detail. 
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atom 

Asl 

As2 

As3 

As4 

As5 

Znl 

ZTI2 

Zn3 

Zn4 

Zn5 

Zn6 

X 

0 

0 

0.0072(10) 

0.2566( 8) 

0.2561( 7) 

0.3530(15) 

0.1072(10) 

0.3871(18) 

0.0981(12) 

0.3849(14) 

0.1363(18) 

y 

0 

0 

0.2496( 9) 

-0.0035(12) 

0.2515(16) 

0.1298(13) 

0.3590(13) 

0.3841(16) 

0.1026(13) 

0.1440(15) 

0.3761(15) 

z 

0 

0.2469(10) 

0.1227(18) 

0.1249(17) 

-0.0021( 9) 

0.0615(12) 

0.0468(11) 

0.0639(13) 

0.1757(11) 

0.1866(11) 

0.1892(11) 

B 

0.86(4) 

0.86(4) 

0.86(4) 

0.86(4) 

0.86(4) 

1.46(5) 

1.46(5) 

1.46(5) 

1.46(5) 

1.46(5) 

1.46(5) 

Table 6.2a Fractional positional coordinates and isotropic temperature 

factors for Zn3As2 with corresponding standard deviations given in brackets. 

The equipoints are 8a for the Asl and As2 atoms, and 16b for the other 

atoms. 
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atom 

Asl 

As2 

As3 

As4 

As5 

Zn/Mnl 

Zn/Mn2 

Zn/Mn3 

Zn/Mn4 

Zn/Mn5 

Zn/Mn6 

X 

0 

0 

0.0119(16) 

0.2563(13) 

0.2530(11) 

0.3532(22) 

0.1114(21) 

0.3977(19) 

0.1049(17) 

0.3843(25) 

0.1310(19) 

y 

0 

0 

0.2512(14) 

-00046(16) 

0.2532(20) 

0.1285(17) 

0.3624(21) 

03868(26) 

0.1033(20) 

0.1553(23) 

0.3708(22) 

z 

0 

0.2465(19) 

0.1220(28) 

0.1245(29) 

-0.0028(16) 

0.0677(26) 

0.0502(25) 

0.0617(25) 

0.1722(24) 

0.1901(25) 

0.1907(24) 

B 

0.78(5) 

0.78(5) 

0.78(5) 

0.78(5) 

0.78(5) 

1.38(8) 

1.38(8) 

1.38(8) 

1.38(8) 

1.38(8) 

1.38(8) 

Table 6.2b Fractional positional coordinates and isotropic temptraivre 

factors for (Zn{.xMnx)^As2 with x = 0.080. 



atom 

Asl 

As2 

As3 

As4 

As5 

Zn/Mnl 

Zn/Mn2 

Zn/Mn3 

Zn/Mn4 

Zn/Mn5 

X 

0 

0 

0.0068(14) 

0.2536(19) 

0.2509(13) 

0.3572(23) 

0.1105(22) 

0.3908(35) 

0.1037(24) 

0.3854(28) 

Zn/Mn6 | 0.1267(29) 

y 

0 

0 

0.2479(19) 

-0.0052(19) 

0.2549(17) 

0.1319(21) 

0.3607(24) 

0.3827(25) 

0.0948(21) 

0.1416(29) 

0.3699(26) 

z 

0 

0.2522(26) 

0.1270(17) 

0.1305(17) 

0.0020(18) 

0.0664(17) 

0.0512(18) 

0.0660(22) 

0.1789(21) 

0.1895(16) 

0.1919(21) 

B 

0.88(5) 

0.88(5) 

0.88(5) 

0.88(5) 

0.88(5) 

2.30(9) 

2.30(9) 

2.30(9) 

2.30(9) 

2.30(9) 

2.30(9) 

Table 6.2c Fractional positional coordinates and isotropic temperature 

factors for (Znl.xAfnx)3AsJ with x = 0.135. 
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atom 

Asl 

As2 

As3 

As4 

As5 

Zn/Mnl 

Zn/Mn2 

Zn/Mn3 

Zn/Mn4 

Zn/Mn5 

Zn/Mn6 

X 

0 

0 

0 0005(34) 

0.2567(23) 

0.2581(25) 

0.3544(58) 

0.0971(53) 

0.3783(60) 

0.1537(51) 

0.3782(72) 

0.1347(75) 

7 

0 

0 

0-2402(24) 

0.0149(32) 

0.2527(28) 

0.0894(58) 

0.3603(55) 

0.3732(65) 

0.1213(41) 

0.1344(49) 

0.3718(48) 

s 

0 

0.2478(23) 

0.1305(21) 

01247(22) 

00010(34) 

0.0554(30) 

00481(27) 

00547(31) 

0.0762(30) 

0.1873(29) 

0.1850(27) 

B 

0 69(9) 

0.69(9) 

069(9) 

069(9) 

0.69(9) 

069(9) 

0.69(9) 

069(9) 

0.69(9) 

0.69(9) 

0.69(9) 

Table 6.2d Fractional positional coordinates and overall isotropic 

temperature factor for quenched (Znx.xMnx)iAsJ with x = 0.20. 
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is only slightly larger than the it-factor for the a-phase (4.1%), the 

a'-phase can be rejected, because the calculated diffractogram contains a few 

weak Bragg reflections that are absent in the measured diffractogram. The 

other phases, a" and 0, can be ruled out because they cannot account for 

some of the observed Bragg reflections, similar to the case of pure Zn3As2. 

The diffractogram of the sample with nominal Mn concentration x = 0.2 is 

largely unchanged with respect to the ones discussed above. However, it 

shows the presence of many relatively small Bragg peaks, that are not 

present in the diffractograms for the other concentrations. Some of these 

reflections occur at small scattering angles (13° - 18°), indicating the 

presence of a phase with larger cell dimensions (multiples of apcc)- The 

complexity of the diffractogram may be related to the results of EPMA, 

which showed the presence of two almost equally abundant phases with 

i a 0.15 and x = 0.25, and a small amount of inclusions with still higher 

Mn content (up to 50%). The intensities of the strong Bragg peaks (224) 

and (264), which originate mainly from the As atoms on the FCC lattice, 

indicate that in the two dominant phases the As atoms are still located on 

this FCC lattice. Since simultaneous refinement of the structures for two 

phases was not possible, the exact positions of the atoms in these phases 

could not be determined. In the next part of this section we will discuss a 

peculiarity in the diffractogram for one sample which is also related to the 

distribution of the atoms over the lattice. 

In the diffractogram for ZMA with x = 0.135 at 300 K a diffuse scattering 

contribution was observed around Q : 8 x/a (i.e., 26 = 51.8°), cf. the inset 

of Fig. 6.3. The diffractogram measured at 4.2 K did not show any signifi

cant differences with respect to the one collected at 300 K. The structure 

refinement yielded only slight changes in atom positions (of the order of the 

statistical uncertainty <r), and smaller temperature factors (as expected), in 

combination with a small reduction of the cell dimensions of ~ 0.3%. 

The remarkable feature in these experiments is the diffuse scattering around 

Q = 8 x/a with approximately equal intensities at 300 K and 4.2 K. A 

scattering vector Q = 8 */a corresponds to a distance of a/4 in real space, 

i.e., the nearest-neighbour Zn/Mn distance. Therefore this scattering is likely 

to be caused by deviations from long-range order of the positions of the 
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vacancies and/or non-raiidom substitution of Zn by Mn atoms. We note 

that such a diffuse scattering contribution has not been observed for the 

samples with other Mn concentrations, including the sample with nominal 

x = 0.2, where one of the phases has a Mn concentration (~ 15%) 

comparable to x = 0.135. 

In order to establish whether this scattering is due to a non-statistical 

Zn/Mn distribution caused by some non-reproducible parameter in the 

synthesis of this particular sample, we repeated the synthesis of the samples 

with 13.5% and 20% Mn using the original powdered samples as starting 

materials. As already mentioned in section 6.2, this time the samples were 

quenched and therefore one expects to retain the distribution of the elements 

at the synthesis temperature, which is likely to be homogeneous. The 

diffractograms for both quenched samples, collected at 300 K, were 

essentially identical to the diagram for the slowly cooled sample with 

x = 0.135, i.e., the diffraction patterns indicate the presence of only one 

phase (a-phase Zn3As2) and contain a broad diffuse scattering contribution 

around Q = 8 x/a. Apparently, by quenching at the last stage of the 

synthesis of ZMA, the a-Zn3As2 crystal structure can be realised in 

polycrystalline samples for Mn concentrations up to x = 0.20. Single 

crystals, however, cannot be obtained by this procedure. We will postpone a 

further discussion of the diffuse scattering to section 6.5, and first describe 

some results of measurements performed on single crystals of ZMA. 

6-4 Single-crystal diffraction measurements 

We performed diffraction experiments at temperatures of 300 and 79 K on 

two single crystals containing nominal 2% and 15% Mn. By means of X-ray 

Laue photographs it was established that the samples were monocrystalline. 

Furthermore, the orientation of the crystals was determined, however, 

because of the dimensions of the unit cell, i.e., b = a and c s 2a, and the 

specific content, it was not possible to distinguish the crystallographic axes 

from each other. The composition and homogeneity of the samples was 

checked with EPMA. The x = 0.02 crystal appeared to be homogeneous. 

The nominal x = 0.15 crystal, however, consisted of two phases with 

x z G.15 (most abundant phase) and x z 0.25. These two phases could be 
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easily distinguished on backscattered electron images made by SEM as 

lighter and darker regions, respectively. 

The diffraction experiments, which were initially performed at 300 K on 

HB3 in two-axis mode (cf. Table 2.1) with a PG(002) monochromator 

(£{ = 39.41 meV), revealed two new features. First, the measurements 

showed that many strong Bragg reflections of the type h, k, 1/2 = 4n are 

broadened, having tails that extend over the entire Brillouin zone. This may 

indicate a deviation from long-range order with a typical correlation length 

of cell dimensions. Note, however, that because of their positions (scattering 

angle 26) and relatively small intensity, these tails do not correspond to the 

diffuse scattering observed in the powder measurements. Secondly, we 

observed weak satellite peaks (or superlattice reflections) with indices 

satisfying h, k, 1/2 = 2n ± m/2 and ft, k, 1/2 = 2n ± m/3 for the 2% and 

15% crystal, respectively. Both effects are shown in Fig. 6.4 for the 

x = 0.02 sample, where scans were made through the (800) reflection. 

Because of the absence of a filter to reduce higher-order components in the 

neutron beam at HB3, it was not a priori clear whether the observed peaks 

result from diffraction of first-order neutrons or are an artifact caused by 

higher-order beam contaminations. Measurements at HB9 (with a beam 

containing almost no higher-order contamination) and at HB3 in three-axis 

mode, where a PG analyser was successively set to reflect neutrons with \fn 

(a = 1, 2, 3), revealed that the observed peaks are not due to beam 

contamination. The reason that these satellites have not been observed in 

the powder measurements is simply that their intensity is too small to be 

distinguished from the background, cf. Figs. 6.3 and 6.4. Measurements 

performed at 79 K resulted in the same diffraction profiles as observed at 

room temperature. In the next section we will try to give an consistent 

explanation for the effects observed in the powder and single-crystal 

measurements. 

6.5 Discussion 

As far as the translation-invariant crystal structure of (Zn1.xMnx)3As2 is 

concerned, the conclusion can be unambiguous. For Mn concentrations up to 

x = 0.135 and for the quenched samples up to x = 0.2 the structure is 
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Fig. 6.4 Intensity profiles measured on a single crystal with x = 0.02 in 

two scans through the (800) Bragg reflection, along the a and b -direction, 

respectively. In the figure at the right the data points have been connected by 

straight lines. The full curves reflect the results of Gauss fits to the peak at 

Q = (8,0,0). The differences in the FWHM of the two Gaussian profiles are 

due to resolution effects. 

found to be isomorphic with the o-phase of Cd3As2, space group I4jcd. This 

result holds for temperatures of 300 K as well as 4.2 K. Note that this 

structure differs from the structure of CMA with x = 0.034 - 0.20, which is 

reported to be the a"-phase [12]. This may be caused by the fact that the 

radius of Mn + (~ 1.37 A) is only slightly larger than that of Zn + 

(~ 1.34 A), whereas the radius of Cd + (~ 1.49 A) is much larger. 

Furthermore, the refinement calculations show that the As atoms are located 

on a slightly distorted FCC lattice. As has been discussed in the previous 

sections this structural property is not limited to the samples that contain 

only one phase. In all investigated samples the As FCC lattice extends over 

the entire crystal, irrespective of the specific Zn/Mn content of the FCC As 

cubes. The Zn/Mn ions are located on a severely distorted SC lattice, cf. 

Fig. 6.2. In the ENNPA approximation, however, a perfect SC lattice was 
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assumed. In the last part of this section we will return to this point. 

With regard to the distribution of the Mn ions over the lattice, the 
available data are less easy to interpret. They consist of the results of 
EPMA, powder diffraction, and single-crystal diffraction measurements, 
which will now be successively reviewed. The EPMA measurements showed 
inhomogeneities in the distribution of the Zn/Mn atoms for Mn 
concentrations above x a 0.15 in polycrystalline samples as well as single 
crystals. Quenching of the samples resulted in a more homogeneous Mn 
distribution. Apparently these inhomogeneities in the Zn/Mn distribution 
develop during slowly cooling down. The first phase entered below the 
melting point is the /?-phase, where the eight positions on the SC lattice are 
all randomly occupied (N = 0.75). By further lowering the temperature the 
other phases, which contain two vacancies per fluorite cube, are successively 
entered. This implies that during cooling the Zn/Mn atoms move over 
distances of, at least, aFCC/2. The observation of a segregation into two 
phases for slowly cooled samples with x larger than « 0.15 reveals that 
during the cooling process the Zn/Mn atoms are capable of moving ovjr 
macroscopic distances. 

Because with EPMA the examined volume is of the order of 1 /zm , which 
is already macroscopic from the neutron's point of view, deviations from a 
random Mn distribution on EPMA scale (or larger) do not lead to diffuse 
scattering. Therefore the observed diffuse scattering in the powdered samples 
with x = 0.135 and 0.2 cannot be directly related to the results of the 
EPMA measurements. Next, we note that the scattering vector at the centre 
of the diffuse scattering region corresponds to a length scale of a/4 in real 
space. Actually, according to the 16 symmetry transformations of the space 
group I4tcd listed in Table 6.3 [13] and the atomic parameters given in 
Table 6.2c for ZMA with x = 0.135, 12 different nearest neighbour 
Zn/Mn-Zn/Mn distances, ranging from 0.966 to 1.146 times a/4, can be 
distinguished. These distances correspond to scattering angles 26 in the 
range 44.9° - 53.8°, which agrees exactly with the region where the diffuse 
scattering is observed. Therefore this scattering is likely to be caused by 
deviations from long-range order of the systematic stacking of the two 
vacancies in each fluorite cube, which violate the symmetry elements of the 
group I4jcd. Such deviations are conceivable since during cooling down the 
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Table 6.3 Nearest-neighbour Mn-Mn distances for ZMA with x = 

0.080, in order of increasing distance. The Mn atoms in the left column are 

located on a distorted simple cubic (SC) lattice, according to the first 

symmetry transformation (01) and the atomic parameters listed in Table 

6.2b, cf. Fig. 6.2. The Mn atoms in the second column are located either in 

the same or in a neighbouring fluorite cube. The numbers in brackets denote 

the corresponding symmetry transformation. In the last column all symmetry 

transformations of the space group I4\cd are listed [ISJ. 
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vacancies have to rearrange, which involves movements of the Zn/Mn atoms 

over distances of aFcC/2 or more, as was already indicated in the preceding 

paragraph. These deviations might incidentally even lead to larger unit-cell 

dimensions, which would explain the occurrence of the very weak satellite 

reflections in the single-crystal measurements. 

On the other hand, the observation of a segregation into two phases for 

samples with x larger than ~ 0.15 indicates that for these Mn concentrations 

the Zn/Mn atoms can move over very large distances. The diffuse scattering 

observed in the powdered samples with x = 0.135 (slowly cooled and 

quenched) and 0.2 (quenched) may therefore also be caused by a clustering 

of the Zn or Mn atoms. Such a clustering can be considered as an 

intermediate state between a completely random Zn/Mn distribution and a 

state in which there are two coexistent phases with different Mn content, as 

has been observed by EPMA in the slowly cooled powdered sample with 

x a 0.2 and the single crystal with nominal x a 0.15. 

The small intensity that has been observed in the tails of strong Bragg 

reflections in the single-crystal measurements, and the scattering angles at 

which these tails are observed indicate that they are not related to the 

diffuse scattering observed in the powdered samples. Following the arguments 

given above they might be due to the very small dimensions of some of the 

"crystallites" present in the single crystals, where the stacking of the 

vacancies deviates from the stacking in the surrounding regions. 

Finally we return to the ENNPA model, which has been used previously to 

describe the experimental data on C^, x a nd M for ZMA. As has already 

been mentioned in the introduction, this model yielded a fair simultaneous 

description of all available experimental data up to x s 0.1 when optimised 

fixed values were used for the nearest ( J I A B = -100 K) and 

next-nearest-neighbour interaction (J2AB = "20 K), and a long-range 

interaction of the form J(R) = -aR'n, with n as 4.5 for Mn-Mn pairs at 

larger distances. The agreement between theory and experiment, however, 

decreased for the samples with the higher Mn concentrations (up to ~ 10%). 

In view of the results of the present neutron diffraction experiments these 

deviations might well be caused by the simplification in the ENNPA model, 

where the Mn atoms were assumed to be located on an ideal SC lattice. 
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This simplification implies only one nearest-neighbour (NN) Mn-Mn distance 

equal to aFCC/2 (= a/4) with corresponding interaction strength Ji/kB, and 

a unique next-nearest-neighbour (NNN) distance apCC/V2, with corresponding 

J2/kB, etc. In reality, however, the SC lattice is severely distorted. As has 

been mentioned above, 12 different values for the nearest-neighbour Mn-Mn 

distances can be distinguished. For ZMA with x = 0.08 these NN distances, 

which are listed in Table 6.3, range from 2.927 A to 3.492 A (0.992 - 1.184 

times aFCC/2), depending on the precise location of the Mn pair on the 

distorted SC lattice. The probability to find a particular NN Mn pair is 

then just 1/12 of the probability used in the ENNPA model to find a NN 

Mn pair, provided that the Mn atoms are randomly distributed. Hence, 12 

different values for the interaction strength J ti/kB have to be taken into 

account. The same argument holds for the next-nearest neighbours, where 

more than one NNN distance can be distinguished. In case of ZMA with 

x = 0.08 for instance, the shortest NNN distance amounts to 3.474 A (0.833 

times apcc/v^), i.e., the NN and NNN shells have some overlap. A precise 

calculation, based on the atomic parameters given in Tables 6.2, should give 

a more definitive answer to the question whether the deviations between the 

results of the ENNPA model and the experimental data are caused by the 

oversimplification of the crystal structure in this model. On the other hand, 

a clustering of the Mn or the Zn atoms for nominal Mn concentration larger 

than x a 0.15 may also have important consequences on the ENNPA results. 
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Samenvatting 

In dit proefschrift wordt een experimenteel onderzoek van de 

kristallografische en magnetische eigenschappen van twee verbindingen, 

cyclohexylammonium kopertribromide, (C6DnND3)CuBr3 (afgekort tot 

CHAB), en zink-mangaan arsenide, (Zn1.xMnx)3As2 (afgekort tot ZMA), 

beschreven. Bij dit onderzoek zijn tal van neutronenverstrooiingstechnieken 

toegepast. De verschillende verstrooiingsexperimenten zijn uitgevoerd zowel 

bij de Hoge Flux Reactor te Petten als in een aantal andere Europese 

reactorinstituten. In hoofdstuk II van dit proefschrift wordt, na een algemene 

inleiding in hoofdstuk I, nader ingegaan op de toegepaste meettechniek. In 

het eerste deel van dit hoofdstuk wordt een aantal aspekten van de theorie 

van de thermische neutronen verstrooiing, die voor de interpretatie van de 

meetresultaten noodzakelijk zijn, belicht. Het tweede deel van hoofdstuk II 

behandelt de meer experimentele kanten van de meettechniek, en geeft een 

beschrijving van de meetopstellingen zoals die in de experimenten gebruikt 

zijn. In het vervolg van deze samenvatting wordt, naast een beknopte 

typering van beide verbindingen, een overzicht gegeven van de uitgevoerde 

experimenten. 

De verbinding CHAB is een zeer goede realisatie van een quasi 

een-dimensionaal (ld) magnetisch systeem. De exchange wisselwerking tussen 
2+ naast elkaar gelegen magnetische momenten (Cu , S = 1/2) in de ketens in 

CHAB is relatief sterk; zij bedraagt ongeveer 65 K. De interketen 

wisselwerking daarentegen is drie orden van grootte kleiner. Het is bekend 

dat de anisotropie in de intraketen wisselwerking van groot belang is voor 

de magnetische eigenschappen van dit soort quasi één-dimensionale 

verbindingen. In CHAB is er sprake van zogenaamde "easy-plane" 

anisotropie. Hierbij bewegen de spins zich bij voorkeur in een vlak. Door de 

aanwezigheid van easy-plane anisotropie kunnen er in principe naast de 

lineaire spingolfexcitaties (magnonen) ook de niet-lineaire solitonexcitaties 

voorkomen. De daadwerkelijke aanwezigheid van solitonen in CHAB kon 

aangetoond worden uit het verloop van de veldafhankelijke bijdrage tot de 

soortelijke warmte als funktie van magnetisch veld en temperatuur. 

In hoofdstuk III van dit proefschrift worden de kristallografische 
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eigenschappen van CHAB behandeld. Allereerst wordt de methode beschreven 

waarmee gedeutereerd CHAB gesynthetiseerd is. De vervanging van de 14 

waterstof atomen per formule-eenheid door deuterium levert een voor de 

neutronenverstrooiingsexperimenten essentiële reductie van de werkzame 

doorsnede voor incoherente strooiing met een factor ~ 40. De kristalstruktuur 

van CHAB is bepaald met behulp van neutronendiffraktie aan een éénkristal. 

De isomorfie met het chloride CHAC kon bevestigd worden en tevens werd 

de magnetische ruimtegroep vastgesteld (P212'i2'1). 

Het onderzoek van de korte- en lange-afstands correlaties in CHAB met 

(quasi)-elastische neutronenverstrooiing is het onderwerp van hoofdstuk IV. 

De gemeten temperatuurafhankelijkheid van de subroostermagnetisatie 

beneden TN = 1.56 K is in overeenstemming met de aanwezigheid van 

ferromagnetische ketens. De experimentele resultaten betreffende de 

correlatielengte voor T > T$ zijn in overeenstemming met de voorspellingen 

van klassieke transfer-matrix berekeningen, welke een overgang van isotroop 

Heisenberg gedrag voor T > 8 K naar XY gedrag voor temperaturen 

beneden 3 K laten zien. De resultaten van een recent ontwikkelde numerieke 

quantum transfer-matrix methode (QTM) vertonen daarentegen een 

diskrepantie met de experimentele resultaten. De oorzaak hiervan ligt 

waarschijnlijk in de gevolgde methode om de correlatielengte uit de 

experimentele gegevens af te leiden. In hoofdstuk IV worden tevens 

resultaten van magnetisatiemetingen aan CHAB in velden tot 5 T langs de 

c-as gepresenteerd. De experimentele resultaten blijken in perfekte 

overeenstemming te zijn met de voorspellingen van de QTM methode. 

Voorts wordt een alternatieve beschrijving van de magnetisatie M gegeven in 

termen van de afname van M van de verzadigingswaarde door de 

aanwezigheid van magnonen en solitonen. 

In hoofdstuk V worden de inelastische neutronenverstrooiingsmetingen 

gepresenteerd waarmee het laag-energetische deel van de dispersierelatie van 

de intraketen magnonen in CHAB is bepaald. Voor gereduceerde golfvectoren 

q in het gebied 0.07 2x/c < q < 0.25 2tjc en T z 1.5 K zijn goed 

gedefinieerde excitaties waargenomen. De meetresultaten kunnen 

geïnterpreteerd worden op basis van lineaire spingolftheorie waarbij gebruik 

gemaakt wordt van de bekende waarden van de anisotropic in de intraketen 

exchange interactie. Voor het isotrope deel van de exchange wordt een 
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waarde J/kB = 65.8 + 1 K afgeleid. Deze waarde is in overeenstemming met 

de resultaten van de analyse van soortelijke-warmte metingen in nul-veld 

met de numerieke QTM methode. 

De verdunde magnetische halfgeleider ZMA is het onderwerp van het laatste 

hoofdstuk VI. In deze verbinding is een deel van de niet-magnetische Zn 

atomen vervangen door Mn (S = 5/2). De Mn atomen vertonen een 

magnetische wisselwerking die via de geleidingselectronen wordt overgedragen. 

Een paar-correlatie model waarin de lange dracht van de wisselwerking in 

rekening is gebracht blijkt een redelijke beschrijving te kunnen geven van de 

experimentele gegevens van zowel soortelijke warmte, magnetisatie als 

susceptibiliteitsmetingen aan verschillende verdunde magnetische halfgeleiders. 

In het geval van ZMA waren deze berekeningen gebaseerd op de 

kristalstruktuur van de niet-magnetische stof Zn3As2 Bovendien werd een 

willekeurige verdeling van de Mn atomen over het rooster verondersteld. Aan 

deze twee kristallografische aspekten wordt in hoofdstuk VI aandacht 

geschonken. Met behulp van neutronendiffraktie aan ZMA poeders, voor Mn 

concentraties lopend van 0 tot 20%, is de kristalstruktuur bepaald. De 

struktuur van ZMA blijkt identiek te zijn aan die van de a-fase van 

Cd3As2, met ruimtegroep I4,cd. Voorts blijkt dat, afhankelijk van de 

bereidingswijze van de preparaten, de diffractogrammen voor de poeders met 

de hoogste Mn concentraties, 13.5% en 20%, een diffuse verstrooiingsbijdrage 

vertonen welke korrespondeert met de naaste-buur afstand(en) tussen de 

Zn/Mn atomen. Deze diffuse verstrooiing wordt waarschijnlijk veroorzaakt 

door afwijkingen van de lange afstandsorde in de systematische stapeling van 

de vacatures in de kristalstruktuur. Uit aanvullende neutronen-

diffraktiemetingen aan éénkrtstallen en electron probe microanalyse (EPMA) 

volgt dat gedurende de afkoelfase tijdens de preparaat bereiding de Zn/Mn 

atomen in staat zijn over macroscopische afstanden te bewegen, hetgeen kan 

leiden tot een clustering van de Zn/Mn atomen. 


