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INTRODUCTION 

Studies on isomorphic salts which have either the same ligands and different 

magnetic ions or different ligands and the same magnetic ion form a 

classical technique in the field of magnetism. Many magnetic compounds have 

been studied containing chlorine as a ligand ion, however studies on the 

mostly isostructural bromine salts seem to be rare, although several authors 

pointed out that this in principle could provide useful information about 

the exchange interactions and transferred hyperfine effects (1,2,3). One of 

the most direct methods to detect these effects can be found in nuclear 

magnetic resonance (NMR*) on the ligands. 

Bromine nuclear resonance in ferromagnets has been reported in several 

substances (4,5,6), whereas bromine resonances in compensated antiferro

magnets seem to be restricted to CoBr2.6H20 (7) and MnBr 2 .4H2o (8). In view 

of this it seemed worthwhile to investigate the effects of bromine 

substitution in the reasonably well known antiferromagnets CsMnc13 .2H20 

(9,10), cs 2MnC1
4

.2H2o (11,12,13) and Rb 2Mnc1 4 .2H20 (13,14) in which bromine 

signals could be detected. 

In chapter I and II we will review the theory on the electric and magnetic 

interaction of a nucleus with I > l with its environment. We will also 

outline a general approach to the interpretation of the spectra. The 

experimental techniques used in this investigation are described in chapter 

III. Chapter IV - VII are devoted to the experimental resonance results on 

CoBr2 .6H2o, MnBr 2.4H2o, Cs2MnBr4 .-2H20 and Rb 2MnBr4.2H20. For the latter two 

compounds also parts of the magnetic phase diagrams will be given. In 

chapter VIII we will sunnnarize and discuss the results on the hyperfine 

parameters. 

* A list of symbols and abbreviations can be found at the end of the thesis. 
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CHAPTER I 

THEORY 

l.l Introduction. 

The hamiltonian describing the interaction of a nucleus with nuclear spin 

I>i with its surroundings is given by: 

H (I-1) 

where 

(I-2} 

and 

(I-3) 

The magnetic field B in (I-2) is made up from three contributions: the 

external field Bext' the dipole field Bdip and the hyperfine field Bhf 

resulting ·from the unbalance of originally paired-off spins in the ligand 

orbitals caused by the mixing of the wave functions of the metal and ligand 

ion. Orbital contributions of the form µ1L<r-3> are not taken into account 

because we are dealing with ions in which L is zero. 

The dipole due to magnetic moments can be calculated in the usual way 

replacing the metal ion by a point dipole with magnitude gµB <S> and adding 

all contributions inside a well chosen volume. 

The transferred hyperfine field can be described by the expression: 

(I-4) 

+ 
where S is the spin on the metal ion and A the hyperfine tensor representing 

the coupling between S and ligand nuclear spin I. 
The second part of the hamiltonian (I-l) arises from the interaction of the 

quadrupole moment eQ of the nucleus (l?l) with the electric field gradient 

tensor (EFG). The EFG at the nucleus consists of two contributions. The 

first contribution is due to the summation of the effects of the point 
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charges distributed over the lattice combined with the Sternheimer 

antishielding factor to account for the polarization of the electron core. 

The second contribution arises from the charge transfer effects, especially 

those which result in a charge redistribution in the p shell of the ligand. 

This part depends on covalency and overlap parameters. The relative 

magnitudes and importance of both contributions will be discussed in 

chapter VIII. 

In the principal axis system of the EFG tensor the X, Y and Z axes will be 

defined such that 

Jv I • xx 
(I-5) 

Here Vii= -(~)ii' are the principal values of the EFG tensor. (I-6) 

Restricting ourselves to the traceless part of the EFG tensor we can 

define an asymmetry parameter n' given by: 

Together with (I-5) it follows that O~n~l. 

Choosing the Z-axis of this coordinate system as quantization axis 

(I-3) can be written as: 

(I-7) 

In this thesis we will be dealing with the resonance results on nuclei 

with spinquantum numbers I=l/2 (protons), I=3/2 (rubidium and bromine), 

I=5/2 (rubidium) and I=7/2 (cesium). As we will direct our attention mainly 

to the interpretation of the bromine nuclear transitions we shall outline 

in this chapter some procedures in order to resolve and interpret the 

experimental results for I=3/2 only. 

If necessary the specific details about the interpretation of spectra 

arising from other nuclei will be given in the appropriate sections. 
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1.2 Low field aase. 

The situation in which the Zeeman interaction is small compared to the 

quadrupole interaction will be denoted as the low field case. The effect of 

Hz may be considered .as a perturbation on HQ' With the principal axes system 

of the EFG tensor as reference system, the'hamiltonian can be written as: 

-i<P +i<P 
- yN:h B {I cose + !(I e + I e }sine}. z + -

(I-9) 

Here 0 and 4' are respectivily the polar and azimuthal angle of the magnetic 

field B with respect to the EFG principal axes system. 

In case of zero field, the energy levels of the hamiltonian, under the 

condition 2I+I is even, will be all double degenerate and so for I=3/2 an 

e~act solution canoe· found: 

2 e qQ 
4 "'f'('2I-T) 

2 ~ 
(J + j ) 

. 2 l 
(l + ~ ) 

The corresponding eigenfunctions are given by 

I±~ >= Al± m > + Blm + 2> , 

with A 

(The label ~ is assigned in such a way that it reduces to the 

spinquantumnumber m in case of vanishing n). 

Transitions !Ami = 1,2 give rise to one frequency vQ 

2 l 
(J + ~ ) -

(I-IO) 

(I-11) 

(I-12) 

We now will assume that there is a small field in an arbitrary direction. 

By diagonalizing the Zeeman perturbation in each pair of degenerate states 

using (I-11) as basis wavefunctions the first order correction of the energy 



in frequency units is found to be: 

- ( 22 2 !J2 122 I 2 ! !vQ+lvz (J+-) cos 6+{( ) +(I--) ;.,;;;!l(J--)cos2$}sin a} 2 , 
p p p p p 

(1-J 3) 
with 

v = z (1-14) 

However, when the direction of the total magnetic field is along one of the 

principal X, Y or Z-axis of the EFG tensor, the hamiltonian (1-9) can be 

diagonalized exactly (15). Taking the direction of the magnetic field as 

Fig.1.1 Nualea:l' energy level scheme for 

I=3/2. Zeeman splitting of the 

pure quadz>upole resonanae 

interaation. 

quantization axis the representation matrix of the hamiltonian falls apart 

in two submatrices from which the eigenvalues can be found in a trivial 

manner. 

Introducing 

fx = -2 (l - n), 

fy = -2 (I + n), 

the energy levels are given by: 

E+')' 
-:z 

Vz 2 2 l 
± n-- - -2

1 (4v
2 

+ vQ + f v v )~ 
L. iQoZ' 

(I-JS) 

(1-16) 

with i X, Y and Z,respectively, depending on the specific direction 
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of the magnetic field. 

From the energy level scheme which is schematically drawn in fig. I.I it 

can be seen that there are six possible transitions which are related to 

each other by sum rules, The two transitions lying very low in the 

frequency spectrum will be called y transitions. For the remaining four 

transitions the highest and lowest transition will be defined as 8 

transition and the intermediate frequencies will be called a transitions. 

From equation (I-16) the following exact relations can be derived: 

when B/ /X : (I-17) 

when B//Y 

when B//Z 

and using v
2 

<< vQ the supplementary relations, correct in first order: 

when B/ /X lat - a21 
t-n 

2v2 <-p)• (I-18) 

when B//Y la 1 - 821 2 (I +n) = vz p. 

when B//Z la 1 - a2 1 = 
4v2 

p 

from which it is possible to determine v2 and n for a given spectrum. 

1.J High field ease. 

Here the Zeeman interaction is the predominant part in the hamiltonian. 

Choosing the quantization axis z along the magnetic field and x and y 

arbitrarily, standard perturbation theory gives the following result: 

E (2) 
m 

10 

(I-19) 

- l~~ m{V~V~l (8m2-4I(I+l}+l)+V~~2 (2I(I+l)-l-2m2 )} z 



d E(k) an m 
Here V.B 

]_ 

= (-l)k+IE (k) • 
(-m) 

• h .th f d . . is t e i component o the EFG tensor ef 1ned in the frame of 

reference associated with B and is written in the form of an irreducible 

second rank tensor. 

Relating ViB to the principal axis system then gives for the energy levels: 

E (I) 
m 

E (2) 
m 

(I-20) 

l 21 2 .2 4vQ
0

(m -3I(I+l)(3cos 0-l+nsin 0cos2$), 

2 
\)Qo 2 . 2· 2 2 2 

- Bvzm(8m -4I(I+l)+l)sin 0{cos a-3ncos 0cos2$+ 

] 2 . 2 2 +gn (l-sin acos 2$)}-

\)2 

3~~2m(-2m
2+2I(I+J)-l){sin4a+~nsin2a(l+cos2a)cos2$ + 

I 2 2 • 4 2 +gn (4cos a+s1n acos 2$)}. 

3 

-! t ·2 

Vz 

1r·~ -l • f 
Vz 

·i t + ·~ f v; 
Vz .; +l 

2 ,.o Vq<1<Vz 

Fig.1.2 Nualea:i' energy level saheme for 

I=3/2. Quadrupole splitting of 

the magnetia resonanae line. 

One sees that a reasonable convergence parameter is IvQ/v2 (16). If 

v
2 

>> vQ' m is almost a good quantum number and the transitions which can 

be observed are given by the selection rule l~ml=t. Using expression (I-20) 

this leads for 1=3/2 to the following expressions for the transition 

frequencies vi defined as shown in figure l.2: 

l I 



with 

"z 

2 3 
\) \) 

B Qo_D~ 
"z 2 "z 
2 

\) 

- B~+ 
"z 

\)2 } 
C~+E Qo 

"z 3 "z 
\)2 

A B ~+ "3 • "z + "Qo + "z 

A• 
I 2 2 z(3cos 8 - I + nsin 8cos2~), 

B • 

(I-21) 

(I-22) 

C 3 { • 4 a 2 . 2 a ( 1 2 ) 2 1 2 (4 2 • 4 2 2 ) - Tb sin +3nsin +cos a cos ~+9n cos a+sin acos ~ 

Expres.sions for D and E can be found in ref. (17). 

If the magnetic field is directed along one of the principal axes the exact 

expressions of Dean (15) can be used which give: 

- "z - I 2 2 I 

E!~ • + 2+ 2<4vz + "Q ; fi"Qo"z)
2

, (I-23) 

2 
\) 

I 2 2 l E+'j' • ± ...! ; :!: 
2 2<4vz + vQ fi"QovZ) ' 

-2 

where fi is given by equation (I-15). However, in contrast with the 

definition for rii used in expression (I-II), in this case rii passes into the 

good quantumnumber m if "Q becomes zero, 

From (I-23), the exact relation is found: 

(I-24) 

and assuming "z>>vQ the following approximate relations hold: 

\) 2 2 f.2 

"2 • "z + 4~~ ( I + l + I~ ) • (I-25} 

with fi given in (I-15). 
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1.4 IntePmediate oase. 

As both terms in the hamiltonian are of the same order of magnitude, a 

situation which we often will have tovdeal ~th, no satisfactory 

perturbation calculation in terms of .Ji or~ can be carried out. Only the 
v v 

exact relations given before, in case the fi91d is along one of the 

principal axes, remain valid. When,however,it is known beforehand that a and 

$ are near to 90° or 0° equation (I-24) can be used as a first approximation, 

the errors involved being of the order vz~in2 e, and can serve to find a 

starting point in numerical calculations. 

In general six transitions, related by sum rules, will be found of which 

the lowest two frequencies belong to the set v 1, v
2 

and v
3

• 

1.5 Method of moments. 

A method, which always can be applied,. is based upon the moments of energy 

and the coefficients of the secular equation (18). 

Let be the eigenvalues of the secular equation which then can be written 

as: 

or 

En + n-1 + - 0 a 1E •••.a n 

with n 
al -l: E., 

• l 
l 

nn 
a2 i: i: E.E. i < j. 

i j l J 

nnn 
a3 i: .l: .l: E.E.~ i < j < k • i j k l J 

'11 
a TI E. n 

i l 

Because the hamiltonian describing the system is traceless,a
1 

ourselves to the case 1=3/2, (I-27) may now be rewritten as: 

(I-26) 

(I-27) 

O. Limiting 
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al rt • o. 

a2 - !t:: E/ - lr 
2 2 

a3 - ~EE/ - lr 
3 3 

a4 • ElE2E3E4 <r 2 
2 - 2r4)/8 • 

Equating the coefficients in (I-28) and in the secular equation the 

following relations result: 

r
1 

= o, 

2 2 2 vQ
0

vz(3cos 6 - I + n cos2~sin a), 

(I-28) 

(I-29) 

a = 4 

4 2 2 
v v vz 2 2 2 2 9 4 
~ + ~ { 6(1- ~ )sin 6 -S+n + 4n sin 6cos2~} +16 vz 

Writing vg = v
1 

+ 2v2 + v
3 

these moments (I-28) can be expressed in terms 

of the experimental frequencies: 

O, (I-30) 

thus relating the observable three transition frequencies and the five 

unknown parameters vz, v0, n, 6 and ~. To be able to solve the problem of 

determining the interaction parameters, additional information is required. 

One suitable method, for instance, is determining r2 at two different 

magnitudes of the magnetic field, from which, using (I-29), vQ can be 

determined. Several other methods in order to obtain this additional 

information will be discussed in the next chapter. 
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CHAPTER II 

EXPERIMENTAL METHODS. 

2.1 Introduation. 

In this chapter we will discuss the problem involved in the practical 

determination of the direction and magnitude of the local fields, the 

dipole field and the hyperfine field, which provide information about the 

hyperfine parameters and the magnetic space group. Since most of these 

methods have already been described extensivily in. the literature (13), 

(19), (20) and (21), we will give only a short review. 

2.2 The direation and magnitude of the local magnetic field. 

In order to determine the direction of the local field there are several 

methods which can be used. 

2.2.1 Determination of the directions of the principal EFG a:xes. 

If the direction of the principal EFG tensor with respect to the 

crystallographic axes are known, the direction of the internal field can 

be determined using the values of e and ~. These can be found applying the 

methods described in the previous. chapter. The direction of the principal 

axes can experimentally be determined in the paramagnetic state, by 

applying a relatively small external field which causes a splitting of the 

pure quadrupole signal. The necessary information can then be obtained 

from the.angle dependence of the spectrum together with expressions (I-17} 

and (I-18). 

A second method, described in (19} and (20} makes use of the fact that by 

applying a relatively high external field a minimal overall splitting of 

the quadrupole resonance will be observed in that direction for which 

holds: 

0 (II-l} 

as can be easily seen from equation (I-21} and (I-22). 

The locus of all such directions e and ~ for which (II-1} is satisfied is a 
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cone whose axis is the Z-axis of the EFG tensor and whose intersections 

with a plane perpendicular to this z~axis is an ellipse, the excentricity of 

which depends on the magnitude of the asymmetry parameter n. 

From (27) one can see that 

2 for <jl o0 and 180° (II-2) 3(1-n/3) 

and that 

2 for <jl • 90° and 270°, 3(J+n/3) 

from which the direction of the principal X and Y-axis and the asymmetry 

parameter can be obtained. 

A third method, in order to avoid the splitting and consequently the 

reduction of the signal quality, uses the dependence of the intensity of 

the tr;insition on the orientation of the r.f. field (22). Finally, when 

pure quadrupole resonances cannot be detected or the signal quality is too 

poor to apply the aforementioned methods, one usually can suffice, as a 

first approximation, with the calculated directions of the principal axes 

of the EFG tensor using a simple monopole model (SMM). 

2.2.2 Method of gPadients (13). 

If one applies, in the ordered state, a small external field oB this will 

cause a shift of the transition frequency given by: 

v . • 0-S, 
l 

where VB can be represented by (see fig. 2.1): 

v = t 
B 

(II-3) 

Here VBvi will be called the gradient of vi' its orientation is that 

direction in which the field oB produces the maximum shift in v. and its 
l 

magnitude is given by the maximum frequency shift divided by the magnitude 

of o!. 
• + Applying VB to the expression for r 2 in (I-29) gives the vector: 

16 



.... .... 
where t indicates tr ,t!cHose, 1 is the unit dyadic and ~ the field shift 

tensor. The lattPr !! • ·its for the effect that by applying a small 

Fig.2.1 Orientation of the unit veators t, 0 and t of the 

aoordinate system associated with the gradient operator 

in the principal azes system of the EFG tensor. 

external fi~ld a magnetization is induced,which in turn gives rise to an 

enhancement of both the hyperfine field and the dipole field at the 

nucleus under study, 

It can be shown to be given by: 

(II-5) 

.... .... .... 
. h .... , .... , .... w1.t Ad , Ab_f and x respectivily the dipole field tensor, the hyperfine 

field tensor and susceptibility tensor. The primes on the A tensors indicate 

that they may differ from the A tensors in the antiferromagneti~ state as 

the applied field induces a paramagnetic array of di.poles .sii = x.cSB. 
However, in antiferromagnetic compounds, the influence of this field 

shift tensor can usually be neglected (23) and one may consider \7Br 2 and B 
to have the same direction and magnitude. 

17 



Applying the operator VB to the expression for r2 in (I-30} leads to: 

(II-6) 

If the labeling of the transitions is known,one can determine the direction 

and magnitude of the internal field from (II-5} and (II-6). 

A second method, using the gradients to determine the direction of the 

internal fieid,is based upon intensity measurements of the absorption line 

as a function of the orientation of an a.c. modulation field. For reasons 

of convenience we will assume that we are dealing with a situation in which 

there is one single absorption line at v = v
0

• Let the zerofield absorption 

curve of this signal be represented by g(v). Applying a small external 

field oB, this will shift the absorption line by an amount ov. Therefore 

the intensity of the signal will now be given by: 

(II-7} 

with A the square of the corresponding transition matrix element. 
.... .... 

Together with ov = vBv.oB we can write: 

(II-8) 

from which it can be seen that the intensity is maximal when oB is 

parallel to VBv and a minimum when perpendicular to VBv' Th:ts method 

provides a convenient way of determining the direction of VBv. 

2.3 The determination of the Zabelin.g of the transition frequenaies •. 

In most cases which we will deal within this thesis, one is confronted with 

a large set of signals due to the fact that there are nuclei on several non

equivalent positions as well as mo.re than one isotope. First one has to 

divide the spectrum in sets originating from the nuclei at a given site and 

secondly a new division has to be made to sort the frequencies in sets 

belonging to one isotope. Finally in each of the resulting sets one has to 

assign the labels v1, v2 and v3 to the transition frequencies. 

We will now outline some selection procedures which are based upon the fact 
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that thHe are two Br isotopes 79Br and 81 Br,both with I•3/2. 

No use can be made of the different intensities of the absorption lines of 

the two sets due to the difference in abundancy for both isotopes, as is the 

case for Cl ions, because for the bromine nucleus the abundancies are 

almost equal (79Br 50.57%, 81 Br 49.93% (25) ). 

a) As we assume that the direction and magnitude of the magnetic field and 

the EFG tensor are independent of the isotope species, the interaction 

parameters of the two sets absorption lines originating from equivalent 
79Br and 81 Br sites should be consistent with each other. Given the ratio 
81 79 81 2 79 2 yN/ yN = J.078 and e qQ/ e qQ = 0.8354 (24) the following expressions 

can be derived: 

79 
\) ,. 
Q 

(81 119 )2 79r _ Blr ! 
( YN YN 2 2 ) = 

(81yN/79yN)2 -(8le2qQ/79e2qQ}2 

(1.162 79r2 - 81r2)! 

0.464 

79 79 2 
vQ vz 

81 81 2 
vQ vz 

I. 031. 

(II-9) 

(II-JO} 

z 
If we neglect terms in n in expression (I-29) the following equations are 

found: 

cos 2e ( 4 + 8r \)Q 3 3\)Q+ 
4 

9vz + 
2 2 

lOvzvQ - l6a4} 2 2 
I 36v Q vv (II-11} 

ncos2$ 
r3 

3 cos 26 + l} /siri2e. (II-12) (-· -2 
3vQvz 

Equation (II-JI) and (II-12) should give the same result for both isotopes. 

b) The directions and magnitude of the internal magnetic field B calculated 

with the gradients VBvi of the 79Br absorption frequencies should be the 

same as the direction and magnitude of the field calculated with the 

gradients of the 81 Br resonances. 
79 79 

c) It can be shown by numerical solution of the hamiltonian for vQ/ vZ<l 

for equivalent sets of 79Br and 81 Br absorption lines that the lowest 

observed frequency always originate from a 79Br. Furthermore, the lowest 
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frequency of the middle pair usually originates from a,79Br nucleus and in 

general the label v 2 cannot be assigned to the highest observed frequency. 

2.4 The magnetic spaae group. 

The magnetic space group is the symmetry group consisting of elements which 

leaves both the positions of the ions and their magnetic moments (axial 

vectors) invariant and therefore is a subgroup of the direct product group 

of the crystallographic space group and the time inversion or color 

operator I'. 

The effect of this time inversion or color operator on an axial vector like 

a magnetic field or magnetization is a reversal of its direction. The 

magnetic space groups contain in general both normal crystallographic 

operations (uncoloured operation) and products' of these operations and the 

time inversion (coloured operation). They are identical with the coloured 

and uncoloured Shubnikov groups (26) and. are usually designated by this 

name. 

In the same way one can define the magnetic analogon of the 

crystallographic point group which is called the Heesch group (21), (27). 

Finally the group obtained from the Heesch group by replacing in it all 

improper rotations by the corresponding proper rotations and by replacing 

all time reversing proper and improper rotations by the corresponding 

improper rotations1 will be defined as the magnetic aspect group. This 

latter group is very important as it is uniquely determinable by N.~.R. by 

observing the symmetry relations between the experimentally determined 

directions of the local fields at the nuclei under study. 

From the experimentally determined magnetic aspect group the set of 

compatible Heesch groups can be found. A further selection from these 

possible Heesch groups is based upon relations between the number of 

elements in the aspect group, in the Heesch group, and the number of nuclei 

of a certain kind (e.g. protons) in the chemical unit cell which are not 

related by a translational operator. For further details the reader is 

referred to (21). 

Finally the selection of the magnetic group can be completed by comparing 

the crystallographic space groups which are consistent with the Heesch 

group and the crystallographic space group in the magnetic state. The latter 

does not necessarily have to be the same as the crystallographic space 

group above TN and/or at roomtemperature (28). In general there is more 
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than one possibility left for the magnetic space group. In most cases, a 

decision between these possibilities can be made by observing the 

orientations of the magnetic field B at nuclei occupying special positions 

or by comparing the observed and calculated dipole fields at those nuclear 

sites were it can be assumed that the hyperfine field is negligibly small. 

2.5 The nwneriaaZ aaZauZation of the magnetia field and the eleatria 

field gradient. 

The classical expressions for the magnetic dipole field and the electric 

field gradient are given by: 
.... .... .... .... 2 3r.r. - Ir. ..... 

..... I( i i i )e.t. ~l.e.t, Bdip 5 i i i i i i r. 
(II-13) 

i 

..... 
3t.~. 

..... 2 ..... - lr. .... v t( i i i ) e. e. = 4:A.e,e .. = 
5 i i i i i i r. 

(II-14) 

i 

Here ti, depending on the orientation of the magnetic moment or the 
. f h h f h • ..... h . d. 1 f h • th sign o t e c arge o t e io~, ~i t e magnetic ipo e moment o t e i 

. . . b ..... 2 .... -± .th . ..... magnetic ion given y µi= gµR~i' ei the charge ofthe i ion and ri the 

distance vector between the it ion and the point of calculation. 

From the similarity of both expressions it is clear that both can be 

calculated using the same algorithm. 

For ~"P.= 0 (antiferromagnetic ordering) and ~e. = 0 both series are 
i i i i 

absolute convergent. By summing up all contributions inside a volume 

surrounding the point of calculation, chosen in such a way that the.total 

lllagnetization or total charge is zero, a reasonably rapid convergence is 

obtained. Usually the number of magnetic ions or ch~rges involved in the 

summation, for a residual error in the elements of A less than 0.1%, is 

roughly between 1000 and 10.000. 

A second procedure to calculate these lattice sums is given by Ewald and 

Kornfeld (29). This procedure, based upon a method originally intended to 

calculate the electrostatic potential experienced by one ion in the 

presence of all the other positive or negative ions in the crystal, gives 

a much more rapid convergence than the first procedure. We now will give 

a short review of this method. For more detailed information see also ref. 

(30} and (31}. In calculating the Madelung constant the lattice is split up 

21 



in two sublattices which contain either positive or negative charges. By 

adding to each sublattice a homogeneous electric charge density to 

neutralize the sublattice, an absolute convergent series for the potential 

in a sublattice can be obtained. The total potential tp at an ion on a 

sublattice is now calculated as the sum of two distinct but related 

potentials 1jl • w1 + w2, where the potential w1 is that of a structure with 

a Gaussian distribution of charge situated at each ion site, with signs 

the same as those of the real ions, The potential w2 is that of a lattice 

of point charges with the additional Gaussian distribution of opposite sign 

superposed upon the point charges, The point ·in splitting tp into two parts 

ip 1 and w2 is, that by a suitable choice of the parameter K, determining the 

width of each Gaussian peak, we can get a very good convergence of both 

parts at the same time. The Gaussian distributions dropout completely on 

taking the sum of the separate charge distributions giving rise to w1 and 

Wz so that the value of the potential tp is independent of K but the 

rapid~ty of convergence depends on the value chosen for this parameter. By 

expanding w1 and the charge density of the ions in a :l!'ourier series ip
1 

can 

be calculated rapidly. Adding up the contributi.ons for the two sub lattices 

gives the final result. 

We now will return to the original problem of calculating the magnetic 

dipole field and the EFG tensor. 

From the definition of the electric field gradient or the expression for 

the field of an electric dipole moment it is clear that these two 

quantities are obtained by taking the second derivatives with respect to 

the coordinates of the potential of a point charge. By differentiating the 

expressions for the lattice potential derived before in the same way, an 

absolute convergent series is obtained from which the components.of the EFG 

tensor, and, due to the similarity of the expressions for a magnetic and 

electric dipole field, the magnetic dipole field of an antiferromagnetic 

lattice can be calculated rapidly. 

For the antiferromagnetic structure each lattice is then compensated by a 

homogeneous dipole moment density. The contributions of these dipole moment 

densities of course cancel when adding the sublattices due to the 

"neutrality" of the total magnetic system. 

For a ferromagnetic or paramagnetic array this dipole moment is not 

compensated. However, in this case its effect can be calculated from first 

principles if the array has an elliptical shape and it yields the eleme~ts 

of the demagnetization tensor, 
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In the present calculations the routine using the method of Ewald-Kornfeld 

is twenty to thirty times more rapid as the first mentioned method, with a 

error of I0-7 for the tensor elements(32). It is interesting to note that for 

K = O this Ewald-Kornfeld method reduces to the first method which also 

explains the slower convergence. By diagonalizing the tensor the eigenvalues 

and the direction of the principal axes are found. 

As is usual in Mn compounds, the calculated dipole fields at the proton 

sites compare very well in direction and magnitude with the experimental 

data. This is not surprising taking into account the 1s state of the Mn2+ 

ion, which justifies, at least at relatively large distances, the assumption 

of a point dipole. We will assume that this model is also valid for the 

bromine ions although the overlap of the wavefunctions can not be neglected. 

The deviations will then contribute to the hyperfine field tensor. Usually 

there also is a reasonable agreement between the calculated directions of 

the principal axes of the EFG tensor and the directions determined from 

experiments for these ions, the deviation being smaller than Jo0
• However, 

the magnitude of the eigenvalues are always far off. This will be further· 

discussed in chapter VIII. 

In all EFG tensor calculations the manganese, bromine and chlorine charges 

were taken as +2, -1 and -I, respectively. The charges attributed to the Cs 

and Rb ions also correspond to their valencies. The appropiate oxygen and 

hydrogen charges were estimated to be -1,0 and 0.5,respectively,on the 

basis of the static dipole moment of the water molecule (33). 
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CHAPTER III 

EXPERIMENTAL APPARATUS 

The transition frequencies reported in this thesis cover the frequency 

range from 0.1 up to 90 MHz, To detect the· resonance frequencies we used 

two types of oscillators. 

For the high frequency range a modified Pound-Watkins marginal oscillator 

was used (34). To reduce the capacitance in the coaxial lines and to 

improve the quality factor, a short cryostat ·was used and the length of the 

coaxial tubing outside the cryostat was kept as short as possible. 

For the low frequency range (O.J ~ 10 MHz) we used a transistorized 

Robinson type oscillator• schematically drawn in figure 3. I . This oscillator 

was designed by K. Kopinga (35). The main features of this oscillator are 

its low r.f. level, good stability in a broad frequency range, reproducibility 

and simple operation. 

Fig.3.1 Sahematia diagram of. transistorized Robinson 

type osaillator, The value of resistor R 

(::_500 K) depends on the quality faator of the 

aoil. 

The signals were detected by lock-in detection using a modulation field 

with a frequency of 270 or 135 Hz. If the signals were of sufficient 

quality, they were displayed on the oscilloscope directly. The crystals 
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were oriented using a single crystal X-ray diffractiometer. For experiments 

in the 4He temperature range the sample with r.f. coil directly wound 

around it were mounted on a goniometer which then was i1lllllersed in the 

liquid 4He bath. The goniometer allowed a 360° rotation of the crystal 

around a fixed horizontal axis (20). For experiments in the 3He temperature 

range, the crystal was positioned in a chosen direction, in a small 3He 

cryostat. 

Temperatures of the 4He and 3He bath were derived from the vapour pressure 

taking into account the appropriate corrections. Temperatures above S.O K 

were obtained in the following way (36). The crystal together with a 

resistance thermometer was glued to a large single crystal of quartz. By 

suspending the arrangement in the cold helium gas at a distance of a few cm 

above the liquid helium level, the temperature could be varied by raising 

or lowering the quartz block with respect to the helium level. By attaching 

some thin copper wires to the quartz crystal, which were allowed to hang 

down in the liquid helium, a reasonable stabilization of the temperature 

could be obtained. 

The external magnetic field was produced by a Varian 12" magnet, which 

could be rotated over 360°. The maximum obtainable field with a S cm pole 

gap was about 20 KGauss. The magnitude of the field was gauged with a 

proton resonance magnetometer and had an overall accuracy of better than !% 

for fields larger than 200 Gauss. 
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CHAPTER IV 

NUCLEAR MAGNETIC RESONANCE IN CoBr2.6H20 (7). 

4.1 Introduction. 

In recent years the magnetic susceptibility, specific heat measurements and 

nuclear magnetic resonance data on CoC12.6H20 have been extensively 

reported (37), (38) and (39). Considering the large difference in ordering 

temperatures, TN • 2.28 K and TN • 3.08 K for· the chlorine and isomorphic 

bromine compound, respectively, it would be interesting to compare the 

halogen hyperfine parameters for both compounds as these parameters are 

related to the exchange constants through overlap and covalency parameters. 

Secondly, in CoC1 2.6H2o a peculiar behaviour was observed on 

deuteration (40), indicating a rather strange dependence of the magnetic 

structure and hyperfine interaction on the percentage of deuteration. As 

our aim was to study the same effect in CoBr2 .6H20 as well, the present 

chapter can be considered as the onset·to such a study. 

In section 4.2 and 4.3 a brief review of the crystallography and a short 

discussion of the preparation of the samples and the quality of the signals 

will be given. In section 4.4 the experimental bromine data will be 

reported and a comparison of the interaction parameters for both compounds 

will be made. 

4.2 C:r>yataZZography. 

The chemical space group of CoBr2 .6H2o, as determined by Stroganov et al. 

(41) is C2/m, with two formula units in the chemical unit cell. The cell 

constants are a• 11.00 i, b · 7.16 i, c • 6.90 i and S = 124°. The 

structure is built up of isolated cisoctahedra (CoBr2o4)(see fig. 4.1). The 

Co and Br ions are situated in a mirror plane (at, respectively, a and i 

positions), while the two Br ions in an octahedron are related by an 

inversion centre on the Co ion. 

Below the ordering temperature TN• 3.08 K (42), the magnetic symmetry as 

found by neutron diffraction can be described by c2c2/c with the sublattice 

magnetization along the c-axis (43). 
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Fig.4.1 Crystal struature of CoBr2.BH20. SoZf.d afr,.~z,, :, shaded 

airaZes and open airaZes represent Co:. Br cm,/ 0, 

respeativeZy. 

4.3 Preparation and deteation, 

Single crystals of CoBr2 .6H20 were prepared by evaporation of a saturated 

aqueous solution and showed the morphology described by Groth (44). The 

bromine resonance absorptions were of reasonable quality in the 

antiferromagnetic state with line widths of approximately 200 kHz. 

The pure quadrupole lines in the paramagnetic state were so poor that an 

external field of appreciable size reduced their intensity below noise 

level. This situation forced us to rely on further data from the 

antiferromagnetic state to determine the quadrupo.le interaction parameters. 

4.4 E:x:perimentaZ. 

The temperature dependence of the bromine lines is shown in fig. 4.2. In 

the frequency range 5-70 MHz eight absorption lines were observed, six of 

which are related by sum relations, i.e. v(l) + v(4) = v(8) and v(2) + v(3)= 

v(7). Above TN the two pure quadrupole frequencies belonging respectively 
79 81 79 81 to the Br and Br were found at "Q = 42.40 MHz and "Q = 35.43 MHz. 

The ratio of pure quadrupole frequencies 81 vQ/ 79vQ = 0.8356 compares very 

well with the value 0.8354 determined from atomic beam experiments(24). 
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Fig.4.2 Temperature dependence of the 79Br and 81 Br resonance 

tines in CoBr2.6H20. 

In order to determine the interaction parameters we have to separate 

the eight lines into two sets of four, each set associated with one of the 
. 79 81 two bromine isotopes Br and Br. In addition we have to identify the 

transitions in each set, in particular the v
2 

transition, which is unique. 

Since v(l) + v(4) = v(8) and v(2) + v(3) = v(7) it follows that v(l) 
and v(4) must be associated with a different isotope than v(2) and v(3). 

This leaves two possibilities for the assignment of three independent 
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transitions to each isotope. 

By associating tentatively a set of frequencies with each of the isotopes 

(and thus with the experimental vq's) and by assuming a labeling of v2 
within each set, we can calculate v

2 
for both isotopes. If the division 

into two sets and the labeling within the set is correct, the ratio of the 

two v2 's should equal the ratio of the yN of the two isotopes: 

1.17. 

Furthermore, equation (II-IO)which refers to the ratio of the third 

moments must also be satisfied. 

(IV-I) 

Only one solution was found which met both conditions. For (IV-I) and 

(II-10) the value 1.16 respectivily 1,029 was obtained. The correct 

division in sets and the labeling within a set is tabulated in table 

IV-I. 

Table IV-1. Summary of the magnitude and orientation of the gradients of 

h 79B d 81 B l' . 6 t e r an r ines in CoBr2• H2o. In the last column 

the labeling of the frequencies is indicated. 

0 • . v tt rientation Bvi 

v(i) t 2TT IVBv. I a 
'YN i 

s y Nucleus Label 

39.27 1.376 106.5 90.0 16.5 vi 
34.44 1.535 46.5 90.0 43.5 79Br 

v2 
14.28 2.632 169.0 90.0 101.0 v3 

39.76 1.247 106.5 90.0 16.5 vi 
32.23 1.342 59.5 90.0 30.5 81Br v2 
16.03 2.149 165.0 90.0 105.0 V3 

t In MHz at 1.17 K. 

tt With respect to a rectangular coordinate system x y z with x = a, 

z in the a-c plane,. 
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Applying expression (II-9) substituting the values from table IV-1, results 

in 79vQ = 42.418 MHz and SlvQ = 35.437 MHz which indicates that, within 

experimental inaccuracy, there is no detectable change of the quadrupole 

interaction constant in this temperature range. 

As can be seen from the expression for r 2 in (I-30) and (IV-I), only the 

assignment of v2 is unique, because an interchange of v 1 and v 3 does not 

_affect r 2 . This selection is consistent with what one should expect on the 

basis of the conjectured angle e between Bt and the Z principal axis of ot 
the electric field gradient tensor at the bromine site, if one assumes 

+ • 
that Btot is close to the c•axis and the Z•axis of the EFG along the Co-Br 

direction. 

The gradients of all the lines are shown in fig. 4.3 and tabulated in table 

IV-I. Due to the magnetic symmetry of the crystal each gradient 'fBvi 

generates four symmetry-related ones, all lying in the a-c plane. To apply 

(II-6} it is necessary to choose the proper combination of VBv
1

, ·vBv
2 

and 

VBv3 generated by one distinct bromine position. This was done by 

Fig.4.J Orientation of the v8v1i and v8v2i veators for 

respeativeZy 79Br and 81Br sites and the 

internaZ fieZd at the bromine nuaZeus. 
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calculating the direction and magnitude of B from (II-6) for each possible 

combination of gradients for both isotopes. The combination which gave the 

same direction and magnitude of B for both isotopes (which of course must 

agree with the magnitude found from r 2) was taken to be the correct one. 

The resultant total field B t at the bromine nucleus is shown in fig. 4.4 to 
and tabulated in table (IV-2). It lies in the a-c plane at 9° from the c-

axis. 

Fig.4.4 Stereographic projection of the princip~l axes of 

the EFG at a BP site (X,Y,ZJ, the Co-Br direction 

and the total, dipole and hyperfine fields at the 

Br nucleus. 

The fact that Btot' the gradients and the Z-axis ,of the EFG tensor, 

calculated in a monopole model, are coplanar indicates that the asymmetry 

parameter n. is smal1(20). Using relation (II-11) the angle between Band Z 

can be determined as 6 = 79°. Inserting this value in (II-12) gives 

n cos2$ = 0.023. Because the Br ions lie in a mirror plane, $ must be zero 

so n = 0.023, which confirms our previous assertion. The angle 6 = 79° 

agrees very well with the angle between the experimental B and the 

calculated Z-axis of the EFG (see fig.4.4). 

In order to find the hyperfine field 

to subtract (vectorially) the dipole 

experimentally observed total field. 

+ • 
Bhf at the bromine nucleus, we have 

• • + 
contribution Bd. from the lp 
The results are shown in fig.4,4 and 
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Table IV-2. Internal fields and quadrupole interaction parameters for a 
79Br nucleus in CoBr

2
.6H20 compared with the values for a 

35
c1 

nucleus in CoC1 2.6H2o. 

Nucleus Btot Bdip Bhf eq n Orientation 

(kG) (kG) (kG) (exJ024' cm-2) internal fieldt 

e r; 

79Br 22.23 1.49 23.71 7 .14 0.02 79° 00 

. 35Cl 12.68 1.49 14.11 3.99 0.08 770 90° 

t With respect to the principal axes of the EFG tensor. 

table 'Iv-2. The ~f lies in the a-c+plane at 10° from the c•axis. 

A&suming the principal axes of the A tensor to be along the Co-Br direction 

and the·c-axis. we find A = 6.7 x l0-4cm-1• For comparison the results for 
c 

the ,isomorphic chlorine compound are also given in table IV-2. The chlorine 

hyperfine field is found to be lying in the a-c plane at about 3° from the 

c-axis. Taking into account the difference in the values for the angle S 
between the a and c•axis for both compounds (2°) the orientation of both 

hyperfine fields is the same within s0 , which is within the experimental 

inaccuracy. Except for some scaling factor there seems to be no significant 

changes in the values for the components of the hyperfine field tensor in 

the a-c plane. The change in the ~ value for both compounds makes it 

evident that, because e is almost the same in the chlorine and bromine salt, 

the X and Y-axis of the EFG tensor are interchanged. In view of the small 

value for the asymmetry parameter n this is hardly surprising. 
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CHAPTER V 

NUCLEAR MAGNETIC RESONANCE IN MnBr 2.4H20 (8). 

5.1 Introduation. 

In recent years the magnetic susceptibility and the thermal properties of 

MnC1 2.4H2o and MnBr 2.4H20 have been widely investigated (45-48). These 

studies showed that these isomorphous co~pounds order antiferromagnetically 

at temperatures TN= 1.65 Kand TN= 2.13 K,respectively, with their 

sublattice magnetization along the c•axis. The magnetic space group of 

these compounds was determined by proton nuclear magnetic resonance (49,50). 

For MnC1 2.4H20 the Cl resonances have been found by Spence et al. (49). In 

the present paper we shall report on bromine NMR in MnBr2.4H2o in the 

antiferromagnetic phase and compare the data with corresponding Cl 

resonances in MnC1 2 .4H20. 

5.2 CrystaZZography. 

MnBr2.4H20 is assumed to be isomorphic with MnC1 2.4H20 (44). According to 

Zalkin et al. (51), the chemical space group of MnC1 2.4H20 is P2 1/n in the 

axis system they use, with four formula units per unit cell. The cell 

constants are a= 11.186 R, b = 9.513 R, c = 6.186 Rand B = 99.7 °. (In the 

more appropiate notation given in ref. (52) the crystallographic space 

group would be given by P2 1/a with a= 11.830 R, b = 9.513 R, c = 6.186 R 
and B 111.27° and with again four formula units per unit cell. For 

reasons of convenience we will use the former unit cell}. 

The structure is built up of slightly distorted cisoctahedra (MnC1 2o4). The 

'proton positions were determined by El Saffar and Brown using neutron 

diffraction (53). We assume that these data apply also for MnBr2 .4H20 

although there are indications that in MnBr2 .4H20 the proton positions are 

not quite the same as in MnClz.4H20. In the same way we suppose that below 

the ordering temperature TN= 2.13 K the magnetic space group can be 

described by P2j/n (49,50), with the sublattice magnetization along the e

axis. 
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5.J Preparation a:nd detection. 

Crystals of MnBr2.4a2o were grown by evaporation of a saturated aqueous 

solution and showed the morphology described by Groth (44). They had very 

well developed (JOO) planes, which facilitated the orienting of the 

crystals. 

Above K the bromine signals were very weak and wide (200 kHz at l.l K). 

Below K, at the lowest attainable temperature, the signals with line 

widths of approximately 30 kHz.could easily be seen on the oscilloscope. 

All attempts to find the bromine pure-quadrupole resonances in the 

paramagnetic state did not succeed. This forced us to rely on data from .the 

antiferromagnetic state to deduce the quadrupole-interaction parameters. 



5,4 Experimental. 

In the ordered state experiments were carried out in the frequency range 

10-90 MHz. Apart from proton signals we did observe twelve absorption lines, 

which were much weaker and wider, and therefore were considered as Br 

resonances, The number of these resonances suggests that they can he 

decomposed into 4 sets of 3 lines which could be expected since there are 

two nonequivalent nuclear sites and two almost equally abundant isotopes 
79B d S l B h ' ' ' h b ' ' ' r an r, eac giving rise to t ree o servable transition frequencies. 

The temperature dependence of the signals is shown in fig.5.2. In order to 

apply the expressions (I-29) and {II-6) we have to sort out the sets 

orig~nating from a particular isotope and a particular nuclear site and 

60 

12 

11~ 

~~'---'---

u U U U W U U W ~ WT~ U 
T(K) 

Fig.5.2 Temperature depend£nce of the bromine resonanaes 

(1-12) and the proton resonances (E). 

label the frequencies within each set. 

In fig.5.3 and table (V-1) the gradients of all the lines are shown. As can 

be inferred from these data the distribution of the signals is pairwise. 
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We suppose that since the interaction parameters are almost equal for both 

isotopes, these pairs are the equivalent transitions of a 79Br and a 
81

Br. 

. .... 
Table V-1. Gradients VBvi at a temperature 0.4 K. 

36 

v (MHz)b) Ila) fla) IVBvil 
(kHz/G) 

I 28.507 54° ±130° 2.37 

126° ±50° 

2 34.293 44° ±125° 2.00 

136° ±55° 

3 35.228 57° ±44° 1.80 

123° ±136° 

4 39.234 48° ±43° 1.63 

132° ±137° 

5 44.709 23° ±126° I . 13 

157° ±54° 

6 46.887 110 ±112° ]. 14 

169° ±68° 

7 50.135 33° ±78° 1.20 

147° ±102° 

8 51.320 52° ±22° 1.22 

128° ±158° 

9 52.016 30° ±79° l.26 

150° ±101° 

10 53.299 35° ±24° I. 18 

145° ±156° 

l1 67.633 32° ±770 l.25 

148° ±103° 

12 68. l 72 29° ±70° 1. 27 

151° ±110° 

a) Possible individual error 2°, possible error in the orientation 

of the crystal 3° in the a*-c plane. 

b) Possible error 3kHz. 11 and fl are the polar and the azimuthal 

angle with respect to the a*-b-c axes system. 



Applying the criteria mentioned in chapter !!there remained only two 

possible combinations of sets denoted by I and II. The values of the 

interaction parameters found from eqs. (II-9), (II-11) and (II-12) are 

shown in table (V-2). 

c 
6 9.,1 

r;,• ~ 11 

11. •2 ,· ., 
8• I 

b 

Fig.5.J 

Stereogram of the gradients VBvi. The blaak 

and open cirales are gradients in the upper 

and lo1,;er hemisphere, respeativelyi 

Table V-2. Labeling possibilities and e and !1cos2~ values for a Br
1 

and 

a BrII site. 

leus 
a 

vi } Label e !1COS2~ Label e ncos2~ 

28.507 (l} V3 vl 
79B 5J.320 (8) 45.44° +J .13 80.85° -0.13 rI V2 V2 

67.633 (J ll VJ v3 

34.293 (2) V3 VJ 
81B 53.209 (JO) 45.44° + l'.13 80.85° -0.13 rI V2 v2 

68.172 (12) VJ v3 

35.228 (3) V3 VJ 
79 44.709 (5) 56.34° +0.92 76.10° +0.28 Br II V2 v2 

50 .135 (7) VJ V3 

39.234 (4) V3 vi 
81 

46.887 (6) 56.34° +0.92 76.09° +0.28 Br II v2 v2 
52.0J6 (9) VJ v3 

8
) At T • 0.4 K. 
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In each set there still are two labeling possibilities> giving different 

6 and ncos2~ values, since interchanging v1 and v3 does not af£ect the 

aforementioned selection. To distinguish between these and to as.sign each 

combination to a certain Br site we carried out an EFG computer calculation 

using a simple monopole model as we did not have experimental data on the 

orientation of the principal-axes system from pure quadrupole resonance 

data. Since the ratio J.49 of the calculated values -0f the Vzz cCllllponents 

(Table V-3) is in reasonable agreement with the ratio 1.44 of the values of 

vQ for the nonequivalent Br sites, we associate combination I with the Br 1 
site and combination II with the BrII site. The results are summarized in 

Table (V-2) and fig.5,4a, 5.4b and 5.5. 

I 

Vzl'./ 
1•Mn-e.-l 

I 

. / .1 
/ "2 

I 

Fig. 5. 4a. Fig. 5. 4b. 

Fig.6.4a Or>ientation of the ~Bvi veators> the internal 

magnetia field B, the Z a.xis of the EFG tensor 

and the Mn-Br bond at a BrI site. smaller 

and the bigger dots represent the f]1'adients of 
79B and B1n... • l h • r uc·, respeat~ve y. T e dashed l~ne 

represents the plane in whiah all the g1'adients 

would lie if n were zero. 

Fig.5.4b This figure is the same as fig.5.4a for a BrII 

site. 



Table V-3. Magnitude and direction of the components of the EFG tensor for 

a Br1 and a Br11 site calculated with a monopole model. 

Site Component Magnitude a) ab) !Sb) yb) 

Br
1 v +2.075 148.51° 61.07° 78.64° zz 

v -l.261 78. JOO 48.81° 136.37° yy 
v -0,814 61.32° 54.79° 48.60° xx 

Br II v zz +1.394 42.22° 49.11° 81.27° 

v -0.788 50.04° 128.52° 63.46° yy 
101.41° v -0.606 64.64° 28.16° xx 

a) e x 1024 cm-2 

b) With respect to a rectangular coordinate system xyz with 

x = a, z in the a-c plane. 

From fig.5.5 we find ~I = -s1.s0 and ~ 2 = -22.s0 which seems to be right 

since we found ncos2~ 1 < O and ncos2~2 > O. This gives n1 = 0.7 and 

4 'hh h 1. . 2 • n
2 

= O. whic s ows t at neg ecting terms in n was not quite correct. 

Comparing with exact computer solutions (see table V-4) we finally find 

as a best fit"for the Br
1 

site: 

n = 0.3 ± O.l, 

and for the Br11 site: 

n o.s±o.1, 

e = 82.9 ± 1°, 

e 79.5 ± 1°, -24° ± 1°. 

Fig.5.5 

Stereographic projection of the principal 

a:xes of the EFG tensor and the inte17!al 

magnetic field B at a Br1 and a Br11 
site. 
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The values of n are not very accurate since they are v~ry sensitive to 

variations of 0 and $. 

Because we assume MnBr2 ,4H20 to be isamorphous with MnC1 2.4H2o we expect 

the ratio vQ1/vQII to l>e about the same for both compounds. We found the 

two 35c1 quadrupole frequencies for MnC1 2.4H20 in the paramagnetic state as 

Table V-4. Experimental and calculated bromine transition frequencies. 

v(MHz) v(MHz) v(MHz) v(MHz) 
Nucleus exp. calc. Nucleus exp. calc. 

79B rI 28.507 28.526 81B 
rl 34.293 34.306 

51.320 Sl.317 53.299 53.296 

67.633 67.626 68. 172 68.170 
79 

Br II 35.228 35.217 81 
Br II 39.234 39.224 

44.709 44.709 46.887 46.890 

50.135 so. 127 52.016 52.014 

Table V-5. Interaction parameters for a Br11 site in MnBr2.4H20 and for a 

Cl
1 

and a c1
11 

site in MnC1 2.4H2o. The n, e and $ values for 

Mncl2 .4H20 are calculated from the labeling and selection given 

in ref.(49). 

v VQ n e $ 
z 

(MHz) (MHz) 

MnBr2 .4H20 

79Br 46.714a) 40.757b) 0.3 82.9° -56° 
81 I 

50.358a) 34.046b) Br
1 

79 
41. 735a) 28.370b) 79.5° -24° Br II o.s 

81 44.98la) 23.70lb) Br II 

MnC1 2.4H2o 

35Cl 10.118 5.355 0.2 75° -54° I 
35Cl 9.400 3.465 0.34 74° -23° II 

a) Probable error 30 kHz. 

b) Probable error 30 kHz. 
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3.465 MHz and 5.355 MHz, respectively. The ratio 1.55 reasonably 

corresponds with the ratio 1.44 of the calculated values of the bromine vQ 

in MnBr2 .4H20, and the ratio 1.49 for the calculated Vzz values, A SUDR!lary 

of the calculated interaction parameters for MnBr2.4H20 and Mnc12.4H
2
o is 

given in table V-5. 

In order to find the hyperfine field Bhf at the nucleus we have to 

subtract vectorially the calculated relatively small dipole field Bd. from 
l.p 

the experimentally found total field B. The results are shown in table V-6. 

We assume the principal axis of the hyperfine field tensor to be close 

to the Mn-Br direction. In the case of Br
1 

this leads to the conclusion 

that the c axis (sublattice-magnetization direction) cannot be a principal 

axis as the angle between this axis and the Mn-Br
1 

direction is 66 degrees, 

thus significantly different from 90°. Nevertheless the hyperfine field at 

·Table V-6. Total, dipolar and hyperfine fields for MnBr2 .4H20 and MnC1 2 .4H
2
0. 

MnBr2 .4H20 

Br
1 

Br
11 

B (kG) a {3 B (kG) a s 

Btot 43.793 4.3° -5.3° 39.117 12.7° -8.3° 

Bdip 3.100 109.0° 141. 3° l. 799 173.2° 170.7° 

8iif 45.076 7.6° -21.0° 40.900 I l.4° -8.3° 

MnClz.4H20 

Cl
1 

Cl
11 

B (kG) a s B (kG) a s 

Btot 24.252 t.0° 180° 22. 531 13.0° 00 

Bdip 2.756 109.0° 141. 3° 1.599 173.2° 170.7° 

Bhf 25.343 6.7° -33.5° 24 .122 12.6° -0.3° 

a and B are the polar and the azimuthal angle with respect to the 

a*-b-c axes system. 
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the Br1 nucleus is shifted only 4 degrees away from the c axis, thus 

indicating a mainly isotropic hyperfine interaction. For the Br11 position 

such a conclusion cannot be inferred from the experimental data because in 

this case the c axis can be one of the principal axes of the hyperfine-field 

tensor. Therefore it is not surprising that 98% of the hyperfine field is 

along the c axis. 

We will aSSUillf' that for both bromine sites the hyperfine tensor is 

isotropic. Using expression (I-4), this results in: 

A 
s 

A 
s 

-4 -I 6.80.10 cm , 
-4 -J 6.20.lO cm • 

In table V-6 we also have shown the corresponding data for the hyperfine 

fields in the chlorine compound. We have changed the assignments of the 

internal fields as given in (49) as to be consistent with our data for 0 

and ~. From the data on the orientation .for the hyperfine fields in both 

compounds it can be seen that the difference in direction for the Br
1 

and 

c11 hyperfine fields is about 8° while·for the other site the difference is 

smaller than 3°, 

Assuming a mainly isotropic hyperfine tensor for both chlorine sites the 

isotropic part of this tensor is given by: 
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A 
s 

A 
s 

-4 -1 1.40.10 cm , 
-4 -I 1.35.10 cm • 



CHAPTER VI 

NUCLEAR MAGNETIC RESONANCE IN CsMnBr3.zH20. 

6.1 Introduation. 

Magnetic susceptibility (9,54) and nuclear magnetic resonance data (JO} on 

CsMnc1 3.2H2o have shown that in this compound the magnetic behaviour can be 

very well described by a chainlike model. 

As the superexchange path in the chain involves a chlorine ion, this offers 

in principle a favourable opportunity to study the influence of the bromine 

substitution on the various ordering parameters in the chain. 

In section 2 the crystallography and the preparation of the crystals will 

be discussed. In section 3,4 and 5 the nuclear magnetic resonance data and 

the interaction parameters will be. given respectivily for the proton, 

bromine and cesium ion. From the direction of the internal fields at these 

ions the magnetic space group can be derived as will be shown in section 6. 

In this section also a comparison between the predicted value for the 

spinreduction and the experimental value for the spin reduction, calculated 

on basis of the proton resonance data, will be made. 

6.2 Crystallography. 

Single crystals of CsMnBr3.2H2o were grown by evaporation of a saturated 

solution of MnBr
2

.4H20 and CsBr in molar ratio of approximately 6:1 at room 

temperature. The rather large orange coloured crystals (typical dimensions 

up to 0.4 x 1 x 3 cm3) showed in general the same morphology as CsMnC1 3.2H2o 
(55). Single crystal and powder X-ray measurements showed that the 

Table VI-I. Lattice parameters in orthorhombic CsMnC1 3 .2H2o and 

CsMnBr3.2HzO· 

Compound at) bt} ct) 

CsMnCly2H20 9.060 7.285 11.455 

CsMnBr3.2HzO 9.61 7.49 11.94 
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crystallographic symmetry of this compound is orthorhombic with space group 

Peca. 

The lattice parameters (table VI-1) are slightly larger than the 

corresponding values in. CsMnC13.2H20, as could be expected from the 

somewhat larger ionic radius of the Br-ion compared with Cl-. Given these 

data we assume that CsMnBr3.2H20 is isostructural with CsMnC1 3.2H2o. Further 

evidence for this assumption follows from the proton resonance data which 

will be discussed in section 6.3.1. 

The structure is build up of cisoctahedra of four bromine and two oxygen 

ions. These octahedra share one bromine ion, thus forming a chain along the 

a-axis (fig.6.J). The chains are separated in the b direction by layers of 

Cs ions. The unit cell contains four formula units. The Mn, Cs and one of 

the bromine nuclei, which we will call Br1 , occupy special positions on 

respectively 2b, 2c and 2c axes (fig.6.2). 
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Fig.6.1 St:PUcture of CsMnBr3.2H2o. Only one set of hyd:l'ogens 
and hyd:l'ogen bonds is shc:niJn. 



b ar: 1 
4 

©.153 

.2509 
1 
4 

s .354 @.347 .354 s 0 
Mn .250 1 
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1 1 1 
4 4 4 

Fig.6.2 The left-hand diagPam shows the special positions of 

the Mn. Cs and BPI nuclei. which ape situated on two

fold a:ces. The diPections of these a:ces are explicitly 

shown in the Pight-hcrnd diagPam. 

6.3 F'Poton Pesonance. 

6.3.1 The papamagnetic state. 

In the presence of a magnetic field, each proton line shows a fine 

structure due to the dipole-dipole interaction, between the two hy~rogen 

,ions in the H20 molecule. 

As· this splitting depends on the orientation of the magnetic field with 

respect to the proton-proton (PP) vector, this offers a suitable method to 

determine the direction of this vector. It can be shown by first order 

perturbation theory, that the splitting of the lines for an identical pair 

of protons in an external field is given by: 

3µ 2 2 
~v = 1- ----E.(3cos ocos($ - $ ) - I). 2TT 3 0 

(VI-I) 
r 

Here r is the distance between the two protons, o is the angle between the 

PP vector and the plane of rotation, $ is the angle between the projection 
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of the PP vector on the plane of rotation and a fixed direction and ~o is 

the angle between the field and this fixed direction. 

By rotating the field in two different planes the direction of the PP 

vector and the PP distance can be determined. 

Figure 6,3 shows the angle dependence of the splitting of the proton lines 

at room temperature with an external field -of 1950 gauss in the a-c plane, 

It turns out that the agreement with the data for the orientation of the 
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• 

Fig.6.J Dipole-dipole t5pZitting of the pPotons in CsMnBP
3

,2H
2
o 

at Poom tempePatuPe in an external field of 1950 · 

gauss. The dxoC1lUn au!'Ve is calaulated using the values 
given in table VI-2. 

PP vector and the PP distance in CsMnc1 3.2H20 is satisfactory (Table VI-2) 

which supports the assumption that both coinpounds are isostructural. 



Table Vl-2, The orientationt) and the magnitude of the proton-proton 

vector. 

compound r a ~ y 

CsMnC1 3.2H20 1.61 27.5 86.0 63. I 

CsMnBr3.2H20 1.58 28.0 80.0 64.5 

t)With respect to the crystallographic axes. 

6.3.2 Proton resonance in the ordered state. 

In the ordered state we found two proton resonances. The transition 

frequencies at T=l.15 Kare 11.82 MHz and ll.57 MHz. The signals could be 

saturated very easily and could only be detected at very low r.f. levels. 

The reduced temperature dependence of· the local fields at the proton sites 

is shown in figure 6.4. 

0.2 • 

0 0.2 0.4 0.6 1.0 

Fig.6.4 The reduced temperature dependence of the proton resonance 

lines. Also shown is the predicted temperature dependence. 

of the sublattice magnetization in the moleaular field 

approwimation for 8=5/2. 
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As these local fields are proporti-0nal to <µ>, figure 6.4 reflects also the 

temperature dependence of the sublattice magnetization, From these data the 

Neel temperature can be determined by extrapolation, We find as result 

TN= 5.75 ± 0.1 K, which is consistent with preliminary specific heat 

measurements (56). For comparison the molecular field approximation (MFA) 

for S=5/2 is also shown. The apparent deviation from this theoretical curve 

is not surprising in view of the linear character of the structure. The low 

temperature part of this curve upto T/Tn = 0.7 can be described by 

I - M/M = cT2' 5 with c = 0.45.10-2 
0 

6.4 Bromine resonanae. 

In the ordered state we observed in the range from 0.4-90 MHz, 20 resonances 

(table VI-3) which could be assigned to bromine nuclei. The temperature 

dependence of these lines is shown in figure 6.5. As we mentioned before, 

the unit cell contains two non equivalent bromine nuclei, one in a general 

position (Br11) and a second (Br
1

) on a 2c axis which links the octahedra 

along the chain. For the latter, one of two possibilities applies. Either 

l!KI 
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Fig,6,5 

The temperatu:r>e dependenae of the 
79Br ana· 81Br ·t · ....., trans~ ~on J.equen-

aies in CsMnBr3.2n2o. Open airaZes 

are ewperimentaZ data points. FuZZy 

draivn Zines represent the aaZCJ:UZa

ted temperatu:r>e dependenae using 

the interaation parameters given in 

tabZe VI-4 and the temperatu:r>e 

dependence of the subZattiae mag
netization dBrived from the proton 

resonance frequenaies. The si~Z 

at 82.'lOO MHz (v20J is not shown, 



T bl VI 3 L b 1 . f h 79 d 81 B . . f . . a e - • a e ing o t e Br an r transition requencies in 

CsMnBr3 .2H20. 

Site v(MHz) Label Site v(MHz) Label 

79Br 
I 48.535 s 8lB rl 40.835 s 

48.133 Ct 40.415 Ct 

46.715 Ct 38.878 Ct 

46.313 s 38.448 s 
1.820 y 1.962 y 

0.391 y 0.431 y 

79 27.930 81 
Br II \12 Br II 35.055 \12 

48.115 \13 47.645 \13 
57.170 \I I 55.960 v, 
76.045 82.700 

the chain ordering is ferromagnetic in which case we expect a rather high, 

predominantly hyperfine field, or the chain ordering is antiferromagnetic 

in which case the contributions to the isotropic hyperfine field from 

nearest neighbours cancel and the resulting field will be small and (in 

this case) mainly from dipolar origin. From figure 6,5 we see that the sets 

centered around 39.6 MHz and 47.4 MHz display very little temperature 

dependence. This indicates that the contribution of the temperature 

dependent term gµSt.B in the hamiltonian (I-I} is relatively small, thus 

supporting the conjecture of an antiferromagnetic ordered chain. Together 

Fig.6.6 

Schematic representation of the energy ieve"t 

'-..J.....~-L~__.·~1- scheme and transitions for a bromine nucieus 
(I= 3/2). 

'~9 
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Table VI-4. Interaction parameters.and the direction of· the internal fields 

for BrI' BrII and Cs in CsMnBr3.2H2o. 

9.0 

8.0 

7.0 

~ 6.0 
N 

N 
:r 

""':£. s.o 
g 
i.!:"4.0 

3.0 

\) \)Q Orientationa)of B z 

Site (MHz) (MHz) a <jl 11 a 13 y 

79Br 40.280 34.250 4J.5 90.0 0.70 88.0 4.5 86.0 
81 I 

43.420 28.610 41.5 90.0 0.70 88.0 4.5 86.0 Br I 
79 1.039 47.424 90.0 o.o 0.35 90.0 90.0 o.o Br II 
81 

I .193 39.644 90.0 o.o o .. 34 90.0 90.0 o.o Br II 

Cs 0.178 90.0 o.o 90.0 90.0 o.o 

a) angles with respect to crystallographic axes. 

r3 

:r 
:z ..,, 
g 
~ 

Fig. 6. 7 

A pZot of the second 

and third moment of 

the 79Br transition 

frequencies as a function 
of \)p2

• From the interception of the straight Zine th:roough the experimental 

r2 data points and the abscis,the pure quadrupole resonance frequency can be 

determined. The interception of the straight line through the r
3 

data points 

and the abscis provides a check on the labeling of the transition fi'equen
aies. 

~ :Pure quadrupole resonance frequency calculated from expression (II-9). 



48.8 

a-axis b-axis 

90 60 30 0 30 60 

Fig.6.8 Angula:r dependence of the splitting of a 79BrII and 81BrII 

line in an external field of 516 gauss in the a-b pZa:ne at 
T 1.1 K. 

Fig.6.9 

Stereogram of the Zocal field 

directions at the bromine (B) and 

proton (H) nucZea:r sites. Th~ 

smaller and bigger dots represent 
. 81 79 

the grad~ents of BrII and BrII' 
respectively. The index of the 

gradients refers to the labeling 

of the transition frequencies. 
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with the apparent sum relations which give rise to a level scheme as shown 

in figure 6.6 this result enables us to separate the transition frequencies 

originating from the two bromine sites, 

We will now direct our attention to the set of bromine lines apparently 

arising from the BrII nuclear sites. We observed eight resonances, two of 

them related by sum relations, in figure 6.5- given by v
5 

+ v
15 

• v
19 

and 

v6 + v 13 • v20 • With the expressions and theory developed in chapter I and 

II we were able to separate the sets arising from 79Br and 81 Br as well as 

to obtain a consistent set of solutions. The relevant interaction 

parameters are tabulated in table VI-4. From the direction of the total 

field at the BrII nucleus (fig.6.9) found by the method of the gradients, 

we may conclude, taking into account the largely isotropic character of the 

hyperfine interaction,that the sublattice magnetization is along the b-axis. 

This was confirmed by magnetization measurements (57). A thorough search in 

the paramagnetic state for the calculated pure quadrupole interaction-was 

unsucces.ful. 

The interaction parameters can be obtained in several ways. Apart from the 

rigorous calculations as in the BrII case and a successive application of 

the experimental method of gradients to find the direction of ~f within 

the crystal frame, one can reduce the problem by applying the symmetry 

argument. 

The low field spectrum arises from the antiferromagnetic ordering in the 

chain. The moments are directed along the b-axis. As a consequence the 

2c axis on which the BrI is situated, must be uncoloured and B must be 

along c (fig.6.2). As a monopole calculation shows that the principal Z-axis 

of the EFG is in the a-b plane and the X-axis is along c, we obtain 

immediately El = 90° and <fl = 0°. Application of De_arls exact expressions 

along the principal axes for the low field case (I-17,18) then gives the 

remaining interaction parameters. All methods gave the same consistent set 

of solutions which are tabulated in table VI-4. 

6.S Cesium resonance. 

The cesium resonances were found in an applied external field. From the 

splitting of the resonance spectrum as a function of the direction of the 

external field we deduced that the i~ternal field was directed along the 

C: axis with a magnitude of 320 gauss at T = '1.15 K. An internal field of 
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this magnitude would cause a zero field resonance at 178 kHz which in spite 

of several attempts could not be detected, 

6.6 The magnetie spaee group. 

At this stage we have all the experimental data available which are 

necessary to determine the spatial magnetic array in the ordered state. 

The directions of the local fields at the Br1, Mn and Cs sites are 

all parallel to the axis which pass through them (fig.6.2) showing that 

all twofold rotation axes are uncoloured. Only two space groups in the 

Opechowski (58) family of the crystallographic space group Peca meet this 

condition. These are Peca and Pc'c'a'. The distinction between these two 

can be made by comparing the synnnetry of the local fields (aspect group) 

predicted by these space groups with the experimental data. The aspect 

group of Peca and of Pc'c'a' are respectively 222 and mmm. Since the 

experimentally observed synnnetry of the proton fields is mmm, we conclude 

that the magnetic synnnetry can be described by Pc '.c 'a'. The resulting spin 

array is sketched in figure 6.10. 

The space group differs from P2bc'ca' found for CsMnc1
3

.2tt2o in that 

respect that the sign of the coupling in the b-direction between the chains 

changes, thus indicating that this coupling is probably rather small. In 

Fig.6.10 The spin array in antiferromagnetie CsMnBr3.2H20. 
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view of the structure this is not surprising as the distance between the 

Mn-ions in that particular direction is very large (7.49 i). The local 

fields at the proton sites were calculated for this magnetic space group 

using localized magnetic dipoles of 5µ
13 

at the Mn++ ions, and can now be 

compared with the experimental values (table VI-5). The directions of the 

calculated and observed fields with respect to the crystallographic axes 

are in good agreement. Also the ratio of the magnitudes of the fields at 

Table VI-5. Comparison of the observed and calculated field at the proton 

sites. 

B orientation a) of B 

Site (kG} Cl 13 y 

experimental I 2.78 90 66 24 

calculated 3.38 84 70 21 

experimental II 2.72 39 66 62 

calculated 3.27 34 70 65 

a} with respect to the crystallographic axes. 

the two non equivalent nuclear sites compares very well with the 

experimental data. However, the absolute magnitude of the calculated fields 

has to be reduced by 17% to agree with the measured fields. This value is 

rather high compared to the results found in other compounds. 

Usually the deviations between the calculated and experimental values are 

only a few percent and are commonly explained by assuming a small hyperfine 

interaction (59). The large deviation in the present case may possibly arise 

from a spin reduction which can be very large in chainlike compounds with 

small anisotropy. The fact that the same effect has been observed in 

isomorphic CsMnc1
3

.2H20 supports this view (20). 

Using the expression for a linear antiferromagnet (60): 

AS = 1 +l l n 2ci) (VI-l) s - ZS (I 
11 

with 
HA 

Cl = gµB 2SzjJj 

we can estimate this spinreduction. With HA= 450 Oe (61} and !JI = 3.1 K 

(9), (VI-I) gives ~~ M~) ~ 15%. This value compares favouraoly with the 

experimental reduction. 



CHAPTER VII 

7.l'Introduation. 

Recently, specific heat measurements (62,63}, susceptibility measurements 

(64,65) and magnetization measurements (66} have been performed on the 

isomorphic triclinic compounds cs2Mnc1 4 .2H2o, Rb 2Mncl4 .2H20, cs 2MnBr4 .2H2o 
and Rb 2MnBr4 .2H2o. The chlorine compounds have been studied with nuclear 

magnetic resonance (13). 

These experiments indicate that below the transition temperatures TN~ 1.84, 

2.24, 2.82 and 3.33 respectively, the ordering can be described by a simple 

antiferromagnetic two sublattice structure with a surprisingly large 
. A 2+ • h S d . h . • 1 anisotropy. s the Mn ion as a groun state wit an isotropic g va ue 

which favours an isotropic exchange interaction, it is reasonable to assume 

that the magnetic properties of these compounds can be described in terms 

of effects arising from this isotropic exchange interaction and from single 

ion anisotropy. In this chapter we will deal with both the nuclear magnetic 

resonance data and the magnetic phase diagrams of the bromine compounds. In 

section 2 the structural data are given. In section 3 we will discuss the 

proton resonance data and the magnetic space group. In section 4, 5 and 6 

we will give an outline of the experimental Br, Rb and Cs resonance data 

and the resultant interaction parameters. After discussing the temperature 

dependence of the sublattice magnetization in section 7, the results on the 

magnetic phase diagrams in both bromine compounds will be presented. 

Finally, in section 9, a comparison between the experimental and predicted 

transition temperatures will be made. 

7.2 Struature. 

The crystals were grown by slow evaporation of a solution of CsBr 

respectively RbBr and MnBr2.4H20 in the molar ratio 2 : I. The pale pink 

crystals formed prisms which are elongated along the [OJI] direction; the 

faces on the ends were usually not very well developed. As twinning around 

this [011) axis was frequently observed, the crystals were carefully 

selected, using the proton resonance data. X-ray powder diffraction 

patterns show that the two compounds are isostructural with the two 
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chlorine compounds, with roughly the same lattice parameters (table VII-1). 

The space group is PT with one formula unit in the chemical unit cell. The 

Mn++ ion occupies a special position on an inversion centre. The structure 

is build up with almost perfect trans octaedra [MnBr4o2] and is shown in 

figure 7.J. 

Fig.?.l Chemiaai unit aeil of Rb:f1n-Br4.2H20. Projeation on a plane 

pe:rpendiaula:f' to the a-axis. 

Table VII-I Cell dimensions and interaxial angles for the Rb-compounds. 

Rb 2Mncl4 .2H20 t) Rb 2MnBr4 .2H20 

a 5.66 ± 0.01 5.96 ± a.as 

b 6.48 o.al 6.76 a.as 

c 7.0J a.al 7.36 a.OS 

a 66.7° a.1° 66.7° 0.3° 

13 87.7° 0.1° 87.9° 0.3° 

y 84.8° a. 1° 84.8° 0.3° 

t)ref. 67 
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7.3 Proton resonanae. 

Below the Neeltemperature, respectively 2.82 K for Cs2MnBr4 .2H20 (11} and 

3.33 K for Rb 2MnBr4 .zH20 (14}, each substance showed two proton transition 

lines. The temperature dependence of the protons in Rb 2MnBr4 .zH20 is shown 

in figure 7.2. The direction and magnitude of the local fields at these 

protons are very close to those in the chlorine compounds (13}. As detailed 

structure data are not yet available we cannot check the magnetic space 

group rigourously by comparing the calculated dipole sum with the 

experimental fields. However, a rough calculation based on the new lattice 

parameters found by X-ray and the experimental direction of the sublattice 

magnetization gave no reason to doubt that the magnetic ordering can be 

described by Pa+bj as in the case of the chlorine compounds. 

0.8 

0.6 

0.4 

o R1>2MnBr4 ·2H 20 

~ Rb:! Mn Cl4 · 2H20 
(j) Heinnberg MFA 

(2) Ising FCC 

0.8 1.0 

Fig.7.2 The reduaed temperature dependenae of the proton lines in 

Rb:/4Y1Br4.2H2o and Rb:/4Y1Cl4.2H20. The temperature dependenae for 

the Cs aompounds is not shown as it is essentially the same. 

Comparison with the moleaular field (1) and Ising (2) approximation. 
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7.4 Bromine resonance. 

As there are two non equivalent bromine positions in the unit cell and two 

isotopes, we expect four quadrupole resonances in the paramagnetic state 

and in the ordered state at least 12 lines depending on the relative 

magnitude of the Zeeman interaction and quadrupole interaction. 

In the paramagnetic state no PQR signals could be detected even when we 

looked at the frequencies predicted for the PQR from data found in the 

ordered state. In the ordered state we observed 12 lines (table VII-2), 

which by their width and temperature dependence (fig. 7.3) clearly can be 

assumed to be the bromine transition frequencies. 

IQ 

1.0 
Im 

2.0 

Fig.7.3 

The temperature dependence of proton 

(H) and bromine (1-12) resonance 

lines in Rb2MnBr4.2H20. Full lines 

are calculated using the values 

given in table VII-3. Black circles 

represent the proton frequencies 

calculated from the 85Rb data. 

Both Br
1 

and Br11 are situated at a general crystallographic position and 

belong to the same single cluster. The distances to the central ion are 

approximately the same. So we expect that the hf fields at the two nuclear 

positions will have roughly the same magnit~de. As we will show later on, 
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Table VII-2. Experimental and calculated transition frequencies in 

Cs 2M11Br 4 • 2H20. 

v(MHz) v(MHz) v(MHz) 

Site Label exp. calc. Site Label exp. 

79Br 24.806 24.818 79 32.417 I "1 Br II "1 

"2 43.590 43.578 \) 2 51 .905 

"3 59.015 59.012 \)3 55.415 
SIB - 8JB . 

rI v I 29.685 29.697 rII \)] 37.07S 

"2 4S.S80 45.S70 \)2 S2.282 

"3 S9.3SS S9.3S7 "3 S7. l41 

v(MHz) 

calc. 

32.418 

51.913 

SS.403 

37 .077 

S2.288 

S7 .132 

the sublattice magnetization is directed close to the O-Mn-0 direction, 

that is (see figure 7.1) almost perpendicular to the BrI-Mn-BrII plane. 

I 

Recalling the fact that the principal Z-axis of the EFG in these cases 

is closely related to the Mil-Br direction and that, when the interaction is 

mainly isotropic, the hyperfine field will al1ll0st coincide with the 

sublattice magnetization, we expect that both the spectra can be interpreted 

withe near to 90°. 

In that case the exact relation v1 + v
3 

a 2v2 (see section 1 .4) may be 

applied and the labeling can be carried out. Using the alternative methods 

Table VII-3. Interaction parameters and direction of the 79Br internal 

magnetic field. 

"z "q 
I . . a) Orientation of 

Compound Site (MHz) (MHz) e <P n CJ. B y 

I 

Cs2MnBr4.2H20 BrI 43.30 43.21 83° -So I 0.3S so0 700 46° 

Br II 40.40 34.62 80° 80° 0.2( S3° 68° 4S0 

Rb2MnBr4.2H20 BrI 44.25 41.23 84° -so 0.3€ 47° 61° 61° 

Br II 39,74 29.91 82° 80° 0.2€ s1° S7° 6(}0 
. 

B 

a) Angles with respect to a rectangular coordinate system xyz with 

x along a and y in ab plane. 
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Fig. 7.4b 

Fig.7.4a Rb:!fuBr4.2e2o. Orientation of the gradients,. the direation of the 

subZattiae magnetization M, the internaZ field at the bromine 

nualei (B1,B2J and proton sites (H1,H2J and the prinaipaZ Z-axes 

(V221, v222J of the EFG tensor. The smaller and the bigger dots 

represent the gradients of 81 Br and 79Br, respeatively. 

The first index refers to the bromine site (1,2), the seaond to 

the labeling of the bromine transition frequenaies (v1, v 2 and 

vJ). 

The dashed line represents the plane in whiah all the gradients 

would be lying if n were aero. 

described in chapter II the ·labeling was proved to be correct. The values 

for the resulting interaction parameters are given in table VII-3 and are 

in agreement with the above mentioned conjectures. 

The ratio of two calculated quadrupole resonances is close to the value 

obtained from the SMM calculations and to the experimental value for the 

Cl-compound. 
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By applying the method of gradients and selecting the combination which 
79 81 . gives the best results for both Br and Br isotopes the direction of the 

internal field was selected. In fig. 7.4 the gradients and the resulting 

fields together with the principal EFG Z-axes are displayed. From this 

figure one can see that the angle e is in reasonable agreement with the 

calculated values taking into account the illaccuracy of the gradients and 

the uncertainly about the direction of the Z-axis, 

Subtracting vectorially the dipole field from the experimentally determined 

fields gives the hyperfine field. Assuming the hyperfine interaction to be 

mainly isotropic the resulting As is given in table VII-4. 

From the experimental data given by Spence, Casey and Nagarajan (13) we did 

also calculate the interaction parameters for the Cl-compound (Table VII-5). 

Table VII-4. Direction and magnitude of the 
79

Br hyperfine fields and the 

direction of the sublattice magnetization M. 

I 
Orientationa) Bhf (kG) A s 

Compound Site at T=I. IK) ct 13 y (l0-4cm-t) 

Cs2MnBr4.2H20 Br
1 

43.15 47.6° 68.3° 50.2° 6.3 

Br II 40.99 51 .8° 66.6° 47.3° 6.0 

Rb 2MnBr4.2H20 Br
1 43.52 45.0° 60.0° 60.0° 6.5 

Br II 38.55 48.0° 56.0° 61.0° 5.7 

M 57° 50° 57° 

a) Angles with respect to a rectangular coo.rdinate system xyz with 

x along a and y in ab plane. 

7.5 Rubidiwn resonanae. 

Rubidium has two natural isotopes, 85Rb (!=5/2) and 87Rb (!=3/2). The normal 

abundancy is respectively 72.8% and 27.2%. 

In the paramagnetic state without an external field the following relations 

can be derived: 
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I 
3 
2 

I = 2 
2 

85r 

85r 

85r 

I 

2 

3 

(VII- I) 

(VII-2) 

o, (VII-3) 

= o, (VII-4) 

85 2 2 4 2 2 = .. ~.!+--= .. ..s.9.) 2 (I + n > = 3(vQl+vQlvQ2+vQ2), 25 2h 3 (VII-5) 

85 2 
- n2) = .2.c-!! ..... .9.9-> 3 o 

25 2h 

(VII-6) 

where vQ is the single pure quadrupole transition for the !=3/2 nucleus and 

vQJ and vQ2 the pure quadrupole transitions of the !=5/2 nucleus. From 

equations (VII-l)+(VII-6) we can calculate both the asymmetry parameter n 

and 85eQ/ 87eQ. This results inn= 0.690 and 85eQ/87eQ 2.07 + 0.04. This 

last number is in good agreement with the value 2.0669 + 0.0005 obtained by 

Meyer-Berkhout (68) using beam techniques. 

35 1 . . Table VII-5. The C interaction parameters. 

vz 
b) 

VQ 

Compound Site (MHz) (MHz) 6 ncos(2<f>) 

Cs 2MnC1 4 .2H20 
a) 

c1 1 8.490 5.497 76.7° 0.33 

Cl II 8.086 4.433 78. 1° -0.28 
a) Cl 1 9.026 5.335 78.3° 0.35 Rb 2MnC1 4• 2H20 

Cl II 8.372 3.854 81. 7° -0.26 

a) See ref. 13 

b) At T = l .12 K 
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Fig. 7. 6 

Fig.7.5 The temperature dependenae of the 87Rb resonanae lines. The full 

lines represent the aalaulated transition frequenaies. 

Fig.7.6 The temperature dependenae of the 85Rb resonanae lines. 

In the antiferromagnetic state we found 14 lines between·l.O MHz and 9.5 MHz 

which could be assigned to rubidium nuclear transitions. Their temperature 

dependence is shown in figure 7. 5 and 7. 6. Not all the 14 frequencies are 

independent. Sum relations between frequencies exist in the whole 

temperature region. With the help of these sum relations we could construct 

a possible energy level scheme for 87Rb (1•3/2) nucleus. As we know already 

vQ and n from the paramagnetic state, the remaining interaction parameters 

could be calculated with the method of moments. With these parameters, 

numerical solutions of hamiltonian (I-1) for 85Rb(I•5/2) gave the energy 

level scheme sketched in figure 7.6. All the remaining 85Rb transitions 
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could be well fitted into this scheme, proving the constructed energy level 

scheme for the 
87

Rb lines to be correct. The resultant parameters are 

tabulated in table VII-6. The drawn curves in the figures 7.S and 7.6 are 

the calculated temperature dependences of the transition frequencies with 

these parameters and the temperature dependence of the local field on the 

Rb site taken proportional to the local field at a proton site. 

133 d 87 . . Table VII-6. The Cs an Rb interaction parameters. 

\)z b) 
\)Q 

Compound Site (MHz) (MHz) e cl> n 

Cs 2Mncl4 .2H20 a) Cs 1. l S 0.81 

Cs 2MnBr4 .2H20 Cs 1.32 0.204 36° -710 0.81 
a) Rb 2.S9l 3 .116 4S0 90° 0.78 Rb2MnC14 .2H20 

Rb 2MnBr 4 .2H20 Rb 2.814 2.S67 46° 86° 0.69 

a) See ref. t 3 

b) At T = I.JS K 

Table VII-7. The magnitude and direction of the internal and hyperfine 

fields at Rb and Cs for the chlorine and bromine compounds. 
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B.c) '3 Bhf 
c) 

(l s y (l y i 

Cs2MnC14 .2H20 a) 2.06 I .44 S3° 46° 64° 

Cs 2MnBr 4 • 2H2o 2.36 S4° 42° J 12° I. 7S 67° ·32° 70° 
a) 1.86 S2° 62° 133° 0.884 ss0 46° 67° Rb 2Mnc1 4 .2H20 

Rb2MnBr4 .2H20 2.02 62° 64° 140° 0.71 730 21° 76° 

a) See ref. 13 

b) With respect to a rectangular coordinate system xyz with x 

along a and y in ab plane. 

c) kG at T =I.I K. 
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Fig.?.? 

Orientation of the loaal intePnal 

(Btot)' dipoZe (Bdip) and hyperfine 

(Bhf) fields at the Rb nuaZeus and 

the gradients of the 87Rb transition 

frequenaies. AZso shown are the sublattiae magnetization M, the experiment

aZZy observed and aaZaulated direations of the prinaipal EFG axes.· 

The blaak and open airales are gradients in the upper and Zower hemisphere, 

respeativeZy. 

The orientation of the local field with respect to the crystallographic 

axes is found by the usual linear combination of the gradients of transition 

frequencies (13). In doing so we have to take care to choose the proper 

combination of gradients belonging to one specific nuclear site and not 

mixing them with symmetry related gradients arising from equivalent nuclear 

sites. Whereas the linear combination of gradients also gives the magnitude 

of the local field, the correct combination has to give a local field 

magnitude consistent with the earlier solution based on the frequencies 

themselves. The results are tabulated in table VII-7 and shown in fig. 7.7. 

We also calculated the magnitude and direction of the gradients using 

the exact solutions of the hamiltonian. The agreement with the experimental 

data was very well. From the calculated directions of the gradients the 

principal axes of the EFG tensor at the rubidium nuclear site were 

determined. The results are shown in table VII-8 and fig. 7.7. 

When we compare the calculated dipole field at a rubidium site with the 

experimental local field we have to conclude that a substantial hyperfine 

field remains, 90% of which is along the sublattice magnetization direct:· on. 

For both rubidium and cesium ions there are large deviations between the 

calculated and experimental orientation of the EFG principal axes. A 

65 



Table Vll-8. The direction of the principal EFG axes for Cs and Rb. 
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Principal Orientation a) 

Compound Site axis (l f3 y 

Cs2MnBr4 .2H20 Cs x I 19° 76° 147° 

y 146° 79° 58° 

z 73° 180 84° 

Rb 2MnBr4 .2H2o Rb x 155° 770 110° 

y 109° 155° 75° 

z 116° 700 26° 

a) Angles with respect to the rectangular coordinate system 

xyz with x along a, y in ab plane 

possible explanation of this effect could be either the breakdown of the 

SMM model due to extensive covalent·bonds with neighbouring ions or a shift 

.of the positions of these ions compared with the positions occupied in the 

chlorine compounds. 

As the latter possibility can not be excluded, no decisive conclusions in 

terms of-hyperfine parameters can be drawn from the apparent increase of 

the hyperfine fields at these ions or the decrease of the quadrupole 

coupling constant for the Rb ion. 

7.6 Cesium resonanae. 

At T= I.I Ka very strong Cs spectrum, the temperature dependence of which 

i's shown in figure 7.8, was observed at 1.32 MHz. The relatively small 

quadrupole interaction (1=7/2} caused a splitting of the absorption in 

seven components, each 15 kHz apart. The orientation and magnitude of the 

internal field is tabulated in table VII-7. The direction of the principal 

axes of the EFG as well as the asymmetry parameter were found by tracing 

the elliptical cone of minimum splitting (20) in the paramagn~tic state 

(fig. 7.9). The results are shown in table VII-8. As for the rubidium 

nuclei, the hyperfine field is obtained by subtracting the calculated 

dipole field from the total local field (fig.7.10). 
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Fig.?.8 TemperatU1'e dependence of the 133ca lines. To avoid confusion only 

the central transition is shown. 

?.? Sublattice magnetization temperatU1'e dependence. 

As we saw in chapter I the local field at a nucleus, specifically protons 

and rubidium, consists of two contributions i.e. hyperfine field and dipole 

field. Both contributions however are proportional to <µ:> and their 

temperature dependence can thus be combined to give the temperature 

dependence of the sublattice magnetization. Figure 7.2 shows the reduced 

temperature dependence of the sublattice magnetization in the two bromine 

compounds and the two chloride compounds. In addition the MFA for S = 5/2 

and the Ising three dimensional average for fee, bee and sc lattices 

according to Burley (69) are shown. From this simple comparison it seems that 

we are dealing here with compounds in which the anisotropy is no longer 

small compared to the exchange. For manganese compounds this seems rather 

strange. However, from susceptibility measurements Friedberg (12) concluded 

that the chlorine isomorph showed such a large anistropy field that a 

metamagnetic behaviour would not be surprising. 
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b 

Fig.?.9 Fig.?.10 

Fig.?.9 Stereofll'am showing the direations of the prinaipat EFG axes at the Cs 

nuatear site. The solid aurve represent the data points after 

rotation of V to the vertiaat projeation axis. Solid and open 
aa 

airates are upper and tower hemisphere projeations respeativety. 

Fig.?.10 Orientation of the toaat internal, dipole and hyperfine fields and 

the experimentally observed and aatautated prinaipat EFG axes at 

the Cs nuatear site. 

Comparison of the sublattice magnetization temperature dependence of the 
M(Br) chlorine and bromine compounds shows that at any temperature M(Cl) > 

which compared with the calculations of for instance Honma (70) or Ohlman 

and Tinkham (71) seems to indicate that the bromine compounds have a larger 

anisotropy. 

In general the transition frequencies of protons cannot be followed closer 

than; ~ 0.9. In the case of 85Rb in Rb 2MnBr4 .2H20 the transition 

freque~cies, and thus the local fields, can be followed upto ~ = 0.997. 

This offers an experimentally favourable situation to determin~ the 

critical exponent near the ordering temperature. The data points obtained 

through the 85Rb resonance close to the Neeltemperature are added to figure 

7.2~ 

For the Neeltemperature we took the average of the temperature at which the 
85Rb lines in the ordered state coincide and the temperature at which the 
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intensity of the PQR in the paramagnetic state was reduced to zero. This 

results in TN = 3.36 + 0.01 K, a value which is slightly different from the 

Neeltemperature reported by Forstat (62). 

Near TN the sublattice magnetization can be· written as (72): 

M C(l-!_)S 
Mo = TN • (VII-7) 

A plot of the data points on a logarithme scale (fig. 7.11) shows that the 

data between T = 0.99 TN and T = 0.8 TN can be fitted rather well with 

c = J.39 and a= 0.29 + 0.02. 

This value of S is close to the value i6 expected for a Ising three 

dimensional model (73) and rather different from the value 0.5 calculated in 

the Heisenberg molecular field approximation. However, as already pointed 

out by several authors (72, 74, 75), the experimental evidence so far seems 

to indicate that in a variety of substances almost all the measured 

··1 ° 1 I . f. flh critica exponents .., are c ose to 3· In view o this we ee t at no 

conclusions about the anisotropy or the model can be drawn from this 

exponent. On the other hand one may conclude that this result seems to add 

another piece of evidence to the aforementioned general behaviour of the 

sublattice magnetization close to the critical temperature, although the 

value of a seems somewhat lower than the reported average. 

1.0r---r---r--r--r-r---,,----,,--,--.-.,---,----. 
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0. 

o. 
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o. 
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0 BSRb data 
• proton data 

•• •• •• 

-Ml Mo• 1.39 !1· TITNl0.29 

Fig.?.11 
Double logarithmic plot of the 

reduced eublattice magnetization 

as a function of the temperature 

for Rbtm-Br4.2H20. 
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7.8 The magnetic phase diagram. 

In this paragraph we want to discuss our results on the phase transitions 

in the H - T diagram. First we will give a short su1Ill1lary of the theory, 

while for a somewhat more detailed treatment the reader is referred to 

Appendix A. Next we will give the experimental data. 

7.8.1 Theory. 

Assuming a simple two sublattice system, the effective field experienced by 

one spin on a sublattice can be described by HE' the exchange field, 

representing the isotropic part of the exchange. 

As there is also a coupling to the lattice for the spins at both 

sublattices we can introduce an anisotropy field HA' which tends to direct 

the spins in a preferred direction, the so called easy axis. We assume that 

H 

T 

Fig.7.12 

Schematic draMing of the magnetic 

phase diagram and the spin 

configu:Pations with H aiong the 

easy azis. 

the anisotropy is uniaxial. Applying in the antiferromagnetic state an 

external field parallel to the easy axis, at H = {(2H, -H )H }~ a second 
-~ A A 

order transition will occur, after which the spins are almost perpendicular 
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to the easy axis (see figure 7.12). This phase is called the spinflop phase. 

Increasing the field does decrease the angle of the spins with the easy 

axis till finally, at H = 2HE-HA' a new (first order) transition appears to 

a region where both spins are parallel to the magnetic field. 

If the field is perpendicular to the easy axis, the situation is equivalent 



to the perpendicular configuration previously encountered in the spinflop 

phase; the antiferromagnetic to paramagnetic transition however is reached 

at the critical field H = 2HE+HA. 

In figure 7.12 the temperature dependence of the critical ,fields and the 

spinconfigurations in the different phases are shown schematically. 

7.8.2 Experimentai resuZts. 

In this paragraph we will direct our attention to the experimental results. 

These results will be limited to the low field, area due to limitations set 

by the available static fields (20 kOe). 

In both compounds, as was reported by Carrander et Hoel (66), a spinflop 

and an antiferromagnetic to paramagnetic phase transition were observed by 

means of magnetization measurements in pulsed magnetic fields at T = 1.4 K. 

The static spinflop field can be interpreted as the field at which 

antiferromagnetic resonance can be observed at essentially zero frequency. 

w 
TC Kl 

o ~ :ibso:rption Zine 

6 ~ frequency shift method, 

+ ~ Carrander and Hoei 

Fig.?.13 The magnetic phase diagram of Cs/.fr!Br4.2H2o with the externai fieZd 

paraiiei (//) and pe:rpendicuZar <lJ to the easy axis. 

The fuZZ Zines are caZcuZated using Bienenstock's expression (VII-14). 
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At NMR frequencies the spinflop transition is thus accompanied by a 

relatively large absorption signal which is. within the NMR frequency range. 

almost independent of frequency. Attempts to reproduce the results of 

Carrander et Hoel using our NMR spectrometers. however failed. On the other 

hand. in cs 2MnBr4 .2H2o, we observed a strong frequency independent 

absorption line at a somewhat higher value of the magnetic field than 

reported by Carrander et Hoel. This resonance line exhibited a peculiar 

temperature dependence when interpretated as a spinflop transition. This 

temperature dependence is shown in figure 7.13. Using the Cs spectrum to 

investigate the nature of the magnetic states above and below the 

transition field He it turned out that in external fields H < He the 

Cs spectrum could be interpreted as orginating from two inversion related 

local fields. The spectrum showed 360° periodicity. This behaviour is 

typical of the antiferromagnetic state. In external fields H > He the 

spectrum consists of only one line with 180° periodicity. This behaviour is 

typical of a ferromagnetic or paramagnetic array and is essentially 

different from what can be expected in a spinflop state. 

Assuming that this critical field is the same as reported by Carrander et 

Hoel (the difference can probably be explained by additional cooling of the 

sample when pulsed fields are used}, we feel, in view of the above mentioned 

data, that their interpretation of this transition as a spinflop is not 

justified! 

The fact that no spinflop can be observed implies that the anisotropy field 

HA is of the same order of magnitude or even larger than the exchange field 

~ as can be seen by equating the molecular field expressions for the 
. 1 

critical fields HSF = {HA(2HE-HA} 2 and H// = 2HE-HA. In this case, 

characterised by HA ::_ ~· the transition from the antiferromagnetic state to 

the paramagnetic state is by definition (76) a metamagnetic transition. In 

general these transitions are not accompanied by a zero frequency electron 

absorption signal. However there are a few known exceptions where the 

antiferromagnetic resonance (or spin cluster resonance) spectrum has branches 

in the w-H diagram extending to zero frequency at the metamagnetic transition 

(77,78). Preliminary experiments in the GHz range indicate that indeed the 

absorption at zero frequency in Cs2MnBr4 .2H20 is part of a complicated 

spectrum in the w-H diagram. 

When only one such a metamagnetic transition is present, the magnetic field 

at which the transition is induced for T = 0 K, is given in the MFA 

neglecting the dipole field by H = ~ instead of H = 2HE-HA. From the 



extrapolation of the data in figure 7.13, using a logarithmic plot, we find 

!\: ~ 20 kOe (fig. 7.14). 

Since no absorption signals could be detected, the phase boundary 

perpendicular to the easy axis was traced in a different way. Using a very 

stable oscillator, a frequency shift is induced by the sudden change in the 

derivative of the susceptibility when passing through the transition (fig. 

7.15). This makes it possible to detect the phase boundaries either by 

changing the temperature or changing the external field. We also applied 

this method to the transition along the easy axis to compare the results 

with the precise data found by using the absorption signal. The results of 

both methods, shown in figure 7.13 are in good agreement. 

The extrapolated value for Hl was found to be 60 kOe. Within the frame of 

the MFA this may be equated to 2HE+HA. As we know already that !\: = 20 kOe 

this results in HA = 20 kOe, which is in agreement with the condition 

HA_::_ HE mentioned before. 

In figure 7.16 the angle dependence of the antiferromagnetic to paramagnetic 

transition at different temperatures is shown. For comparison the 

theoretical curve derived from zero temperature MFA (see app. A.8) and that 

1L.-~_L..--l__J--'-..L.l....Ll..L.-~-L~L-l--l....WL.J...J~~--'-~'-"-' ..... ~ 
~ ru W D 

TN-T IKl 

Fig.?.14 Double logaPithmic plot of the transition fields in Cs;J-1nBr4.2H20 

as a function of the temperature. 

o + absorption line, 

~ + frequency shift method, 

0 + ref. (66). 
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Fig.7.15 FPequenay shift aa a funation of an applied exter>nal field along 

the easy axis foP Csd'fuBP4.2H20. 
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Fig.7.16 Angle dependenae of the metamagnetia tPansition in Csd'fuBP4.2H2o 
as a funation of an external field at va:riious tempe:r>atu:res. 



in case of infinite anisotropy are also shown. The latter is simply given 

by H = H
0
cose. where H

0 
is the critical field with the external field 

parallel to the preferred direction. It can be seen that at the lower 

temperatures there is a reasonable agreement between the experimental 

data and the MFA curve calculated for HA = ~ = 20 kOe and neglecting 

dipolar fields. 

At higher temperatures the experimental data points can be reasonably 

fitted by the expression for infinite anisotropy. This may be explained by 

assuming that with increasing temperature HA decreases slower than ~· 

which results in an increase of HA/~. 

The transition field shows a minimum when the external field is directed 

along the easy axis, which enables the determination of the direction of 

the sublattice magnetization from rotation diagrams in two perpendicular 

planes. It was found that this direction coincides within experimental 

accuracy with the axis in the chlorine compound, the orientation of which 

is given in table VII-4. 

2S 

20 1 

~ lS 

I 

10 

+ 

2 
Tl Kl 

o + frequenay shift method 

+ + Carrander and Hoel 

Fig.?.17 The magnetia phase diagram of Rb:J1nBr4.2H20 with the external field 

paraUel (//1 and per>pendiauZar f.lJ to the easy axis. The fuU , 

lines have been aalauZated using Bienenstoak 1s erpression (VII-14). 
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Fig.7.18 Double loga:rithmic plot of the transition fields in Rb2MnBr4.2H20 

as a function of the temperature. 

o + frequency shift method 

a + ref. (66) 

* + spinflop 

In contrast to cs 2MnBr4 .2H2o no temperature dependent absorption signal 

could be detected in Rb 2MnBr4 .2H2o. Only at T = 1.05 Kat the highest 

available field (H = 19.6 kOe) there seems to be the onset of a very large 

signal which disappears or moves out of our field range when raising the 

temperature or changing ·the angle between the internal field and the . 

sublattice magnetization. The paramagnetic phase boundaries in both 

,parallel and perpendicular direction were determined using the 

aforementioned method of observing the frequency shift as function of field 

and temperature (fig. 7.17). By extrapolating the experimental data to 

T =OK (fig •. 7.18) the values for the critical fields are found to be 

H// ~ 25 kOe and Hl ~ 70 kOe. Using the expression H// = 11:E which in this 

case still holds and Hl • 211:E+HA we arrive at the result 11:E = 25 kOe and 

HA= 20 kOe. From these data the spinflop field can be calculated. This 

gives HSF = 24 kOe. Taken into account the inaccuracy involved in the 

extrapolation the latter value could explain the absorption signal at 

H ~ 20 kOe which agrees very well with the transition found by Carrander et 

Hoel. 
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The rather different phase diagram for the isostructural cesium and 

rubidium compounds are at first somewhat surprising since the exchange and 

anisotropy fields do not differ greatly. However the slightly larger 

anisotropy versus exchange ratio for the cesium compound removes the spin 

flop transition from the phase diagram, 

The large values of HA cannot be explained by dipole-dipole anisotropy. 

Calculations of the dipole field tensor gives for the largest eigenvalue 

Hdip = 620 Oe with the principal axes being far from the direction of the 

sublattice magnetization. Therefore we have to assume that the anisotropy 

is caused by zerofield splitting. With D = 2HAS/gµB this results in 
-1 

D = 0.370 cm for both Cs 2MnBr
4

.2H20 and Rb 2MnBr4 .2H20. These values are 

values for D < 0.100 cm-I found in 
. - -t 

same value for D (0.350 cm ) has 

very large compared to the more usual 
. 2+ 

most Mn compounds. However, roughly the 

been found in Rb 2MgC1
2

Br2 (79) doped with Mn. Here the substitution of two 
- 4- -trans Cl ions .in the [MgC16] cluster by Br ions gives rise to a large 

axial zero field splitting probably by a distortion of the octahedrical 

symmetry. In the case of Cs 2 and Rb 2MnBr4 .2H20 a similar effect could occur, 

since in the {MnBr4o
2
] 4- cluster the oxygen ions occupy the trans positions 

and the bromine ions are situated at the corners of a square perpendicular 

to the Mn-0 bond direction. 

Finally, we will discuss the behav )f the phase diagram near the Neel-

temperature. In the MFA the antiferru,uagnetic to paramagnetic transition 

close to the transition temperature is given by (80}: 

2 
T - TN = -dH • (VII-8) 

In the case of a negligible intrasublattice exchange interaction the 

following expression ford can be derived (81}: 

2 2 2 2 g µB(2S +2S+l)(l+2cos e) 

80 kzJ S(S+l) d (VII-9) 

Here 6 is the angle between the external magnetic field and the preferred 

direction, z is the coordination number and J the intersublattice exchange 

constant defined by the interaction hamiltonian for two spins, i and j on 

different sublattices: 

H 
+ + 

-2J s .. s .. 
1 J 
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In the MFA the transition temperature is given by: 

kTN = 2zS(S+t)IJl/3. (VII-10) 

Inserting equation (VII-JO) in (VII-9) gives: 

2 2 2 2 g µB (2S +2S+1)(1+2cos 0) 

120 k
2 

TN 
d = (VII-11) 

Equation VII-8 can then be written with reduced variables t = T/TN and 

h • gµB(S(S+l))iH/kTN as: 

where 

Close to 

7 .19 and 

t 

a 

2 
I - ah , 

(2s2+2S+l)(I+2cos2e) 
120 S(S+I) 

the Neeltemperature all the phase 

7.20 can be represented very well 

Cs di/ 35.0 10-10 (29.5 

dl 7.3 10-10 ( 9,7 

Rb di/ 24.8 10-10 (24.8 

(VII-12) 

(VII-13) 

transitions shown in figures 

by equation (VII-8) with 

10-10) K/oe 2 

10-10) K/oe 2 

J0-10) K/oe 2 

dl 5.7 I 10 ( 8.3 10-10) F/oe2• 

!he theoretical values calculated with (VII-JI) alt> shown between 

parentheses. We conclude that there is a good agreement for the parallel 

transition but for the perpendicular directions the deviations are larger, 

which is not surprising in view of the simple model applied. 

If we interprete the experimental data using reduced temperature and field 

parameters defined in equation (VII-12) we find: 

Cs a// "0.021 

Rb 
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These values must be compared with the theoretical MFA value from 

(VII-13) : a// • 0.018. The agreement is satisfactory and compares 

favourably with the situation in most other Mn compounds where a ~ 0.023 

(81), Although the approximations we used are in fact derived for small 

N~ 
0 

0 !l.2 0.4 0.6 0.8 1.0 u 1.4 1.6 1.8 

TN·T !Kl 

II 

:!! 200 
N 

::c 

Fig.7,19 

A ptot of the square of the 

transition fieZd as a function of 

the temperatu:r>e for Cs~Br4 .2H2o. 
o + absorption tine 

A + fr'equenay shift method 

Fig.7.20 

A ptot of the square of the 

transition field as a function of 

the temperatu:r>e for Rb~Br4 .2n2o. 
o + frequency shift method 
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anisotropy, the reduction of the variables in terms of TN' which results in 

equation (VII-II) and (VII-12), gives this approximation apparently a larger 

validity range, 

Another model which might be applicable to some extent in these salts with 

high anisotropy is the Ising model. Numerical calculations for the 

antiferro-paramagnetic transition along the easy axis were carried out by 

Bienenstock (82). From a best fit to his results he derived 

(VII-14) 

with He = 2zJS/gµB and the condition that J 2 (the intrasublattice exchange 

constant) is zero. 

The parameter~ is dependent on the type of lattice and is given by~= 0.87, 

0.35 and 0.36 for a square (two dimensional), sc and bee lattice (three 

dimensional) respectively. 

An excellent fit of the experimental data (see fig. 7.13 and 7.17) with 

~ as variable and He = HE resulted in ~ = 0.45 and 0.49 for respectively 

Cs2MnBr4.2H20 and Rb 2MnBr4 .2H20. 

These values are consistent with the values of ~ obtained by fitting the 

experimental data close to TN to expression VII-12 for H << He 

T/T =I - ~(H/H ) 2 
+ •••••· N c 

(VII-15) 

From these values one might draw.the conclusion that within this model the 

dimensionality of the magnetic system is somewhere between 2 and 3 (or z is 

between 4 and 6), a conclusion also reached by Friedherg from susceptibility 

results on isostructural cs 2Mncl4 .2H2o. 

7.9 The NeeltempePat'ur'e. 

In the MFA the exchange field' HE can be written as 

(VII-16) 

This results in zJ/k = 0.54 Kand 0.67 K for respectively cs 2MnBr4 .2H2o and 

Rb 2MnBr4 .2H2o. These values are slightly larger than the exchange parameters 

in the corresponding chlorides zJ/k = 0.49 Kand 0.59 K (63,65,66). 
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Although these data can explain the increase of the Neeltemperatures in the 

MFA if Cs is replaced by Rb, the large increase when Br is substituted for 

Cl is poorly reflected. (See table VII-9), This can be understood from the 

fact, as was pointed out by several authors (83), that the anisotropy can 

have a large influence on the transition temperature. 

In table VII-9 the results for the transition temperatures from calculations 

based upon some other theories are given. We used the theoretical 

expressions given by MFA, high temperature expansions of Rushbrook (84), 

Green function approximations by Lines (85) and modified MFA expressions 

accounting for anisotropy by Shapira (86) and "Blazey et al (87). 

Table VII-9. The transition temperature as calculated from several models. 

The entries are discussed in the text. 

Cs 2MnX4.2H20 Rb 2MnX4 .2H20 

T Cl 
N 

T Br 
N 

TBr/TCl 
N N 

T Cl 
N 

T Br 
N 

TBr/TCl 
N N 

MFA 2;86 3.15 I. J 3.44 3.91 I. I 

Rushbrook l.96 2.1 s 1.1 2.38 2.70 I. I (z = 5) 

Rushbrook 2.05 2.26 l. I 2.47 2.81 1. l (z = 6) 

Lines 2.64 3. 1.3 3.10 4.10 J • 3 

Shapira 3.12 4. J 7 1.3 3.74 4.92 1.3 

Blazey 3.31 4.54 I .4 3.94 5.23 l.3 

Shapira- 2.23 3.12 l.4 2.67 3.64 1.4 
Rushbrook 

Experimental I .84 2.82 l . 5 2.24 3.36 J.5 

As can be seen in table VII-9, the theoretical TN is in general 

overestimated as usual. The relative increase of the Neeltemperature going 

from chlorine to the isostructural bromine compound is fairly well 

accounted for in those theories in which the influence of the raise of 

anisotropy is included. In table VII-9 we also show the results of a 

modification of Shapira's theory. He derived with the condition that J 2 O 
2 and DS /kTN « l : 

(VII-17) 
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However as the second condition is not satisfied in our case, we modified 

the exponential expansion used in his derivation to account for this higher 

anisotropy. Expression VII-17 then modifies to: 

(VII-18) 

s = 3 for S = 5/2. 

Another expression is given by Blazey et al. (87). Assuming the anisotropic 

part of the exchange to be zero we arrive at: 

kT = ! S(S+l) (2zJ + -
9
8D). 

N 3 
(VII-19) 

With regard to expression (VII-17) one is tempted to replace the factor 

~zlJIS(S+I), which is exactly the simple MFA expression for the 

Neeltemperature, by the more general accepted expression from Rushbrook (84): 

kT 
I /I= 9 ~ (z-1)(JlS(S+J)-l)(l+2/(3zS(S+l))). (VII-20) 

The results are added in table VII-9 under the heading "Shapira-Rushbrook". 

This expression does not only give a fair account of the increase in the 

Neeltemperature but also gives a reasonable prediction of the Neeltemperature 

itself. 
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CHAPTER VIII 

THE HYPERFINE PARAMETERS. 

8.1 Introduction. 

In this section we will deal the analysis of the results given before with 

special emphasis on the hyperfine parameters for the halogen ions. As 

already was pointed out in chapter I when discussing the hamiltonian, these 

parameters in principle can be obtained both from the magnetic field and 

the quadrupole interaction if it were possible to split off the lattice 

contribution. The latter is produced by the magnetic dipole field 

respectively the electric field gradient due to that part of the lattice in 

which overlap effects with the ion in question does not play an appreciable 

role. However as the lack of detailed information about the structure of 

these,bromine compounds is one of our main problems there are errors in the 

magnetic dipole field and electric field gradient tensor, the magnitude of 

which are difficult to estimate. Also the absence of pure quadrupole 

resonance signals forces us to depend on the data obtained in the ordered 

state. We therefore will restrict ourselves to a simple model (app. B) to 

determine these hyperfine parameters. 

8.2 The quadrupoie interaction. 

First we will direct our attention to the quadrupole interaction and its 

relation to the hyperfine parameters. The lattice contribution in this case 

is difficult to estimate because of uncertainly about the Sternheimer 

antishielding factor and the difficulties in calculating the electric field 

gradient (unknown polarizabilities of the negative ions etc.l. 

In general one now can adapt two approaches to the problem. The first is to 

neglect the antishielding factor and try to explain the observed quadrupole 

interaction in terms of a p hole defect in the ligand outer p shell. The 

ratio nQ of the observed interaction and the free atom value is then 

considered as a measure of covalency (88). For the compounds under study 

the outcome, using this method, is a remarkable constant ratio between the 

nq's for Cl and Br- and only a small increase in covalency for the bromine 

ions as can be seen from table VIII-I and VIII-2. However as these value$ 

for nQ tend to be very large (~10%} and a,rough estimate of this factor 
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Table VIII-I. The experimental and calculated (SMM) values of the 35c1 

quadrupole coupling constants together with the resulting 

covalency parameter nQ and the calculated Sternheimer 

antishielding factor. 

e2qQa) b) e2qQa) 
-h- nQ -h-

Compound Site obs. % calc. 1-y 00 

MnC1 2.2H20 c) Cl 7.84 7. I 0.42 19 

MnC1 2.4H2o Cl I l0.70 9.8 0.58 19 

Cl II 6.73 6.1 0.38 18 

CsMnC1 3.2H20 Cl I 8.04 7.3 0.40 20 

. Cl II 12.12 11 • 0 0.56 22 
d) KMnc1 3.2H20 Cl I 8.48 7.7 0.43 20 

Cl II 8.48 7.7 0.43 20 

Cl III J0.40 9.5 0.53 20 
e) Cs 2MnC1 4 .2H20 Cl I 10.80 9.8 0.49 22 

Cl II 8.75 7.8 0.38 23 
e) Rb 2MnC14 .2H20 Cl I 10.46 9.5 0.48 22 

Cl II 7.62 6.9 0.34 22 
f) 

CoC1 2.6H2o Cl 11.02 10.0 0.57 --

a) MHz 2 
b) Using (e qQ) 109.74 MHz h at 
c) ref. (36) 

d) ref. (23) 

e) ref. (13) 

f) ref. (39). 

based upon a molecular orbital cluster approximation gives as a result for 

these manganese salts nQ = fcr. - fn (89), where typical values for f
0 

- fn 

are 0.5%, this method does not seem to apply. 

In a second approach the covalency effects are ignored and one uses the free 

ions Sternheimer antishielding factor. In this case the calculated results 

also deviate largely from the experimental ones. This can be expected as 

the Sternheimer factor is very sensitive to the choice of the ion wave 

functions (90). 

However, as already was pointed out previously, f
0 

- fn is very small in 
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2+ the Mn salts, indicating an almost isotropic charge rearrangement in 

bonding and antibonding p electrons at the ligand. Therefore one is 

probably justified in this case to neglect the covalency contributions 

leaving only the lattice contributions. This in turn could give a reasonable 

value for the Sternheimer antishielding factor, Using a monopole model we 

find as an average value from table VIII-I and VIII-2: 

Cl I - Y.,, 21 (58) 

Br I - y
00 

= 38 (127). 

Between the parentheses the free ion values are given (91). In relation to 

the value of (I - y
00

) for Br- it has to be remarked that these values were 

calculated using the structural data for the Cl compounds. The error 

involved will probably be not large. It would be interesting to compare the 

results, using these values for the Sternheimer antishielding factor, in 

other transition metal compounds. 

Table VIII-2. The experimental and calculated (SMM) of the 79Br quadrupole 

coupling constants tc~ether with the resulting covalency 

parameter nQ and the -~lculated Sternheimer antishielding 

factor. 

e2qQa) 
-h-

Compound Site obs. 

MnBr4 .2H2o Br
1 

80.5 

Br II 54.5 

CsMnBr3.2H2o Br
1 63.5 

Br II 93.0 

Cs 2MnBr4 .2H2o Br
1 84.7 

Br II 68.8 

Rb2MnBr4.2H20 Br1 80.7 

Br II 59.2 

CoBr2 .6H20 Br 84.8 

a) MHz 
2 

b) Using (e q(~I • 769.76 MHz. 
h at 

b) e2qQa) nQ -h-
% calc. 1-y"' 

Br/ Cl 
nQ nQ 

10.5 2.50 32 1.12 

7. I 1.63 33 1.16 

8.2 l. 73 37 J.13 

12.1 2.41 39 l.10 

11.0 2 .12 40 1.14 

8.9 1.63 42 1.14 

10.5 2.09 39 I. l I 

7.7 1.46 40 1.12 

ll .O 2.42 -- 1.12 
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In those compounds the difference between the calculated interaction in 

this way and the experimental values, divided by the free atom quadrupole 

interaction, can then be conceived as a measure for the f and f cr 1T • 
unbalance, 

We did carry out this procedure for the compounds given in table VIII-3. 

35 Table VIII-3. The experimental and calculated values of the Cl quadrupole 

coupling constant and f
0 

- f1T. 

e2qQa) e2qQa) f -f b) f -f b) 
h -h- cr 1T cr 1T 

Compound calc. obs. calc. exp. 

CuC12'2HzO 
c) 11.0 18.0 6 10 

K2CuCl4.2H20 
d) J0.4 19.0 8 7 

CoC1 2.2H20 c) 7.4 11.8 4 5 

CoClz-6Hz0 11.6 11.0 I small 

CrC1
3
c) 48.0 25.8 20 5 

a} MHz 

b) % 

c) ref. 88 

d) ref. 92 and ref. 93. 

The agreement between the calculated and from experiment deduced values of 

·f - f for the divalent compounds seems to be reasonable well. However, 
cr. 1T 
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considering the simplifications which are made and the errors in the 

calculated value for the quadrupole constant, giving rise to very large 

errors in (f
0 

- f1T)calc.• the agreement may well be fortuitous. 

It can be seen that there is a large deviation between the calculated and 

experimental value for CrC13• The reason for this effect may be that, due 

to the trivalent state of the Cr ion, the value for the antishielding 

factor has changed considerably. 



8.3 The magnetic hyperfine interaction. 

With regard to the magnetic hyperfine interaction only the isotropic part 

of the hyperfine tensor can be determined with sufficient,accuracy. The 

values for A and the corresponding f are given in table VIII-4. As can be 
s s 

seen from this table there are no significant changes with regard to the 

Cl-compounds. This indicates that there are no significant changes in 

overlap and covalency in this bond, in agreement with electron spin 

resonance results on Mn and Co halogenide complexes (94,95). 

Table VIII-4. Hyperfine interaction constants and values of 

bromine and chlorine compounds. 

A s 

Compound Site (J0-4cm- 1) 

MnBr 2 .4H2o Br
1 

6.81 

Brll 6.18 

CsMnBr3 .zH
2
0 Br II 5.84 

Cs 2MnBr4 .2H20 Br
1 

6.50 

Brll 6.18 

Rb2MnBr4.ZH20 Br
1 

6.57 

Brll 5.81 

2 a) w
5 

(O} = 19.38 a.u., ref. (95) 

b) w 2(0) 10.64 a.u., ref. (95}. 
s 

Brf a) 
s 

% 

o.44 

0.40 

0.38 

o.42 

0.40 

0.43 

0.38 

in the Mn2+ 

Clf b) 
s 

% 

0.45 

0.43 

0.38 

0.41 

0.38 

o.44 

0.39 

With respect to the nonisotropic terms only qualitative remarks can be 

made, the reason being the small angle between the hyperfine field and the 

sublattice magnetization even when the sublattice magnetization is not near 

to one of the main axes of the hyperfine field tensor. This will result in 

large relative errors due to reasons mentioned at the beginning of this 

section. For instance in CsMnBr3 .2H20 where at the Br
1 

site the isotropic 

part of the hyperfine field tensor vanishes identically because of symmetry 

reasons we find f - f = 0.7% using the Cl structure data, which is almost 
C1 'IT 

twice as large as the corresponding value for CsMnc13 .2H20. This would 

indicate an increase in f
0 

as might be expected, since the bond is more 
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directed. However, a shift of 5 degrees of the Mn-Br direction to the 

b-axis brings this value down to the value found for the Cl- ions. On the 

other hand in cs 2MnBr4 .2H20 and Rb 2MnBr4 .2H20 there seems to be a large 

increase of the anisotropy terms of the transferred hyperfine tensor 

compared to the Cl compound. For the latter it is found that the hyperfine 

field is along the sublattice magnetization within two degrees. A possible 

explanation could be the effect of the evident zerofield splitting of the 

Mn ion causing a large f - f unbalance. 
0 1T 

As it is known that the superexchange is proportional to the covalency and 

overlap parameters, this increase of f
0 

- f
11 

can be responsible for the 

increased values of the intersublattice exchange c.onstant. Similarly the 

relative small 1ncrease of the exchange constant in the chain in 

CsMnBr3.2H2o, as determined from spinflop experiments (57), can be 

accounted for. This small increase of the exchange constant explains very 

well the increase of the transition parameter for this compound. 

However, other mechanism giving rise to a larger exchange may have to be 

considered. Due to the smaller electronegativity of the Br ion, there also 

could be an increase in the superexchange along Mn-0-H-Br-Mn (96) and 

Mn-Br-Br-Mn. This seems to be consistent with the somewhat larger value for 

the electric field asymmetry parameter n, which is usually somewhat larger 

in these bromine compounds. 



APPENDIX A 

THE MAGNETIC PHASE DIAGRAM 

A.1 Introduction. 

In this appendix we will discuss the magnetic phase diagram for an 

antiferromagnet with a relatively si111ple structure in terms of the 

molecular or effective field theory at T= 0 K. Although more sophisticated 

theories exist, we feel confident that the experi111E'ntal data for the Mn2
+ 

compounds under study, can be satisfactory explained on the basis of this 

theory. 

After introducing the hamiltonian describing the magnetic system, the 

various kinds of ordered states and transitions with an external field 

parallel or perpendicular to the preferred direction of the magnetic 

moments will be derived by application of the equilibrium and stability 

conditions for the energy of the system. The magnetic phase boundaries 

obtained in this way do not necessarily· have to coincide with the phase 

boundaries determined from the minimum energy due to hysteresis effects. 

Finally, an expression for the angular dependence of the paramagnetic 

transition will oe derived. 

A.2 The hamiltonian. 

Assuming a two suolattice system coupled to each other by the exchange 

interaction and coupled to the lattice by an uniaxial anisotropy, the 

hamiltonian can be written as: 

wher.e 

H ex 
.... .... 

2.L.JS •• s. 
i,J 1 J 

(A-I} 

isotropic exchange, 

H1 = -!L'(~{s.zs.z-l/3S(S+l)} + t{s.zs.z-l/3S(S+l)l} 
1 1 1 J J J 

! . L. KS. ZS. z 
1,J 1 J 

-gµBH. <~s. +J;s.) 
1 ]._ J J 

uniaxial anisotropy, 

anisotropic exchange, 

Zeeman interaction 
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Spins i and j are on different sublattice and z is the preferred or easy 

axis. 

Contributions arising from the dipole field will be assumed to be comprised 

in H1 and HK. This interaction in general disturbs the axial symmetry around 

the z-axis. For convenience sake we will neglect this disturbance in first 

approximation. 

For a given spin configuration, lying in a plane through H and the easy 

axis, the free energy at T = 0 K, considering the spins to be classical 

vectors, can be vritten as 

(A-2) 

s2(-Jcos(a 1-a2) -!L(cos 2a
1
+cos 2a 2) + Kcosa 1cosa2)-

where Ns is the number of spins at a sublattice, L=L'(J-!S) and a1 and a 2 
are the angles between the sublattice magnetization and the positive z-axis 

(fig.Al): 

R 

Fig.A1 Spin G:r"l'ay 1JJith angles define.d in (A-2). 

Defining the molecular fields 

JS KS LS 
~=-gµ•~=-gµ•H =-

B B A gµB 
(A-3) 

and using a more convenient set of angles defined as (fig.A2): 

a 1 = a + + (A-4) 



z 

Fig.A2 Spin a?Tay with angZe8 dBfined in (A-4) 

(A-2) can be rewritten as 

Using the equilibrium conditions 

a=,(~+ HAcos2¢)sin2a + 2Hsin¢cos(0-a)=O, (A-6) 

a e: :f(j) = (2~ + ~ + HAcos2a)sin2¢ - 2Hcos¢sin(6-a)=O 

and the stability conditions: 

(A-7) 

+Hsin¢sin(0-a)} - 4{HAsin2asin2¢-Hcos¢cos(0-a)}2• 

(A-8) 
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the various kinds of transitions can be derived. 

Further we will assume 

HE ,. o. 

and 

A.3 The antiferromagnetic state. 

(A-9) 

In the absence of an external magnetic field there is only one solution 

a=+=O, as can be seen from symmetry arguments or by inspecting equation 

(A-6) - (A-8). 

This solution characterises the antiferromagnetic phase were both spins 

are antiparallel and along the easy axis. 

In this phase the energy is given by 

(A-10) 

If we apply now an external field R • (0 1 0,H) parallel to the easy axis 

the uniaxia_l symmetry is still preserved. From this rotational invariance 

of the system it is easy to see that solutions with a=O, +=O or with a=¥ 

and iji arbitrarily are allowable. The latter solution will be discussed in 

sections A.4 and A.5 • For a•O and iji=O equation (A-8) modifies to: 

(A-1 l) 

indfcating that the antiferromagnetic state remains stable up to 

(A-12) 

the so called "superheated spinflop" field, at which a transition sets 

in. 

The energy of the system is still given by (A-10) and is independent of 

Has can be expected <x11=o). 
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A.5 The spin flop state. 

In this phase the spins are both almost perpendicular to the easy axis as 

now the zeelnan energy outweighs the anisotropy energy and, part of the 

exchange energy due to the canting of the spins. 

In this phase the spinconfiguration can be-described by the angles ~=-¥ 

and $. 

The equilibrium conditions are given by: 

Cl E cia = o, (A-13) 

; : =(2~ + ~ - HA)sin2$ - 2Hcos$ =o, 

from which follows 

sin$ 
H 

2H H +IL' E - A -1< 

Inserting this value for $ in (A-5) and (A-8) we obtain: 

E = ~ - 2~ + ~ - HA' 
(A-14) 

s 4 -(~+HA)(2~+~-HA)2 2 
( 2~+~+HA +H ) ( (2~-HA+~)2-H2) • 

From the stability condition it can be seen that the spinflop phase remains 

stable for 

(A-15) 

From this condition and (A-12) it can be seen that, theoretically, there is 

no unique spinflop transition field but a region in which both the 

antiferromagnetic state and the spinflop state are (meta)stable. The upper 

boundary of this region is given by HSH' the superheated spinflop transition 

and the lower boundary, which is reached by decreasing the field when the 

system is in the spinflop phase, is given by the supercooled spinflop 

transition: 
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This hysteresis can be expected as the spinflop transition is a first 

order phase transition characterised by a discontinuity in the first 

derivative of the energy (see fig.A3) and a discontinuity in the 

magnetization. 

Fig.A3 Energy diagram of the magnetia system 

at T= O K as funation of an external 

field. Arrows indiaate the super

aooled and superheated transition. 

There seems to be however till sofar no conclusive evidence (87) about the 

existence of the superheated and supercooled transitions and usually one 

observes the socalled thermodynamical spinflop transition HSF which. 

equating the energies of the antiferromagnetic and spinflop state, is 

giv<en by: 

While the field is increasing the angle between the spins and the 

preferred direction becomes smaller till at the critical field 

the spins are parallel and .the paramagnetic phase is reached. 
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A.5 The pa:!'amagnetia state. 

In this phase, were both spins are parallel and along the preferred axis 

the equilibrium and stability conditions, wi.th ci•¥ and <P·~, give: 

a e: 
:>Ci' = o, 

'.) e: n-"' o, 

With condition (A-9) this leads to 

(A-17) 

Together with the identical expression found for the upper boundary in the 

spinflop phase it is clear that the paramagnetic transition will occur 

at: 

(A-18) 

and that the transition will be of second order. 

A.6 Antiferromagnetia to paramagnetic transition. 

In case H~ ~ it can be seen from equating the expressions for the 

critical fields for the thermodynamic spinflop (A-16) and the paramagnetic 

pha9e (A-18) or the energies in both states that no spinflop will occur. 

In this case the magnetic system passes directly from the antiferromagnetic 

state into the paramagnetic state at a critical field: 

(A-19) 

This transition is of first order and theoretically will show a hysteresis 

in a region with the same upper.boundary as given for the spinflop 
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metastable region and a lower boundary given by 

A.7 The antiferromagnetia to pa:Pamagnetia transition with H 1 z. 

This situation is similar to the situation encountered in the spinflop 

phase as for both spins, lying in a plane through the preferred axis and 

the magnetic field, the angle between the. spin and the magnetic field is 

equal to (90 - ~). 

From (A-5) - (A-8) we find: 

a e: 
fa= o. 

;~ = (2HE + ~ + HA)sin2~ - 2Hcos~ = O, 

2 
4 H (2HE-HA+~) 2 2 

S = {2~+HA+HK)(HK+HA+ (2~+HA~)2 )({2~+HA+~) - H ), 

{A-20) 

from which the critical field at which the antiferromagnetic state passes 

into the paramagnetic state can be determined: 

{A-'"21) 

In the paramagnetic state the energy and the crit,ical field are given by: 

e: = ~ - 2H, 

{A-21) 

from which can be concluded that this transition is also a second order 

transition. 
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A.8 Angula:J" dependence of the paramagnetic transition. 

We now will assume that the magnetic field will have an arbitrary direction. 

The spins will be lying parallel in a plane through H and the easy axis. 

However, the angle y between the spin direction and the easy axis will be 

different from the angle e between the magnetic field and the easy axis 
'Ir 

except for y = e = 0 or 2• 
Using (A-6) - (A-8) and ~ = 0, a 

1T 2 - y we obtain: 

; : = 0, 

~: = (l\c - HA)sin2y + 2Hsin(9-y) = O, 

S = 4(-<l\c-HA)cos2y + Hcos(e-y)}(-(2~+1\c-HAcos2y) + 

+ Hcos(e-y)}, 

which leads to 

Hcos(e-y} ,;: 2~ + r'K - HAcos2y, 

with 

(A-22) 

(A-23) 

(A-24) 

Using condition (A-9) the second inequality is always satisfied when the 

first inequality holds. 

Both expressions (A-22) and (A-24), the latter written as an equality, 

relate H, e and y and can be rewritten as 

Hcose (A-25) 

Hsine ' (2H_ H__ • 2 H • 2 } siny __ E + --xsin y + Asin y , 

which for given ~· HA, l\c and 9 can be solved numericaly. 

For small values of HA and l\c with respect to 2~ expression (A-25) can 

be approximated by: 
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H 
'H 

0 

with H0 = 2He - HA + !\:· 

(A-26) 

For HA~ ~however, expression (A-25) can no longer be used to describe 

the experimental data as now the thermodynamical transition will be 

observed. 
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APPENDIX B 

THE.HYPERFINE PARAMETERS 

B.1 TheopY 

In .this appendix we will derive in a condensed form the relations between 

the hyperfine interaction parameters and the covalency and overlap 

parameters. For a much more detailed and extensive treatment see reference 

(3 ,53). 

We will start from a cluster in which the central metal ion at the origin 

of the coordinate system is surrounded by six (not necessarily identical) 

ligands Xi (i:J-6) which for convenience are assumed to be situated at +x, 

+y,+z,-x',-y' and -z' respectively. Further we shall assume the independent 

bonding model to be valid. Each ligand contributes then separately to the 

total hyperfine structure, so we need to consider only one ligand in detail 

and then the contributions of the others can be found by a simple rotation 

of the axes and adapting some constants. As usual we will restrict ourselves 

only to the valence electrons i.e. 3d electrons for the central ion and the 

outer s and p electrons of the ligand and consider the inner cores as 

undisturbed. In the molecular orbital approximation we now can construct the 

bonding and antibonding type wave functions which, using the linear combin

ation of appropiate orbitals di and xi will have the form: 

(B-1) 

b W = Nb(x. + y.d.), 
]. ]. ]. 

Here di is one of the metal ion d wave functions and xi stands for a p or 

s ligand -wave function or an appropiate combination of them, y is the 

covalency parameter and S the overlap of the wave functions di and xi : 

s = < x. ]d. >. 
]. ]. 

Usually y and S are small compared to unity. 

The normalization constants are given by: 
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N -2 
a 

(I - ). 2 + 2:XS}, (B-2) 

From the orthogonality relation between Na and Nb it then follows that 

). = y + S. 

Assuming that in the actual situation there is only one electron in a metal 

ion orbital and that the ligand Xi has only filled orbitals with lower 

energies, only the antibonding orbitals will be filled. In relation to the 

magnetic hyperfine interaction, caused by the presence of unpaired spin 

density at the ligand, only the antibonding orbitals play a role as the 

contribution of the bonding orbitals cancel. This implies that by nuclear 

magnetic resonance only ). and not y itself can be measured. Using the 3d 

wave functions for the transition metal ion:3d 2 2, d 2 2, d , dyz' dxy• z -r x -y zx 
where the d3 2 2 and d 2 2 are the orbitals with lobes pointing to the z -r x -y 
ligands and can be used to form o bonds while dzx' dzy and dxy can be used 

to form TI bonds, the antibonding orbitals for instance for ligand 3 at + z, 

are given by: 

(B-3) 

Here x, y and z represent the p orbitals from the outer shell of the ligand 

and s the outer shell s orbit. 

Further: 

(B-4} 

l 0.0. 



and s 
s 

< d IY3 > yz 

(B-5) 

I 

and S • < d ] x3 > • 
1! zx 

In the same way one can construct the bonding orbitals with yi =Ai - Si. 

Of course one also can include in the bonding and antibonding orbitals 

the 4s and 4p central ion wave functions which, despite their higher energy, 

can play an important role. We will neglect this effect in view of the 

other simplifications which will be made. 

As the experimental results often are expressed in terms of the fraction f 

of unpaired electron spin density transferred to a ligand orbital we will 

define, assuming each of the d orbitals to be singly occupied: 

B.2 The magnetia hyperfine interaation. 

1 2 1 2 
N A • 

1! 1! 
(B-6) 

If the ground state of the central ion can be described by an effective 

spin S, the hyperfine structure at ligand 3 may be written in the form 

A I S + A I S + A I S zz z z xx x x yy y y (B-7) 

where I is the ligand nuclear spin and Azz' A and A are the components xx yy 
of the hyperfine tensor along, respectively perpendicular to the bond axis. 

If H(3) is the hamiltonian describing the magnetic hyperfine coupling 

(53) between the ligand nuclear !pin and its valence electron we now can 

determine the components of the A tensor by taking the expectation value of 

H(3) using the wavefunctions (B-3). Because H(3) decreases rapidly with the 

distance from the ligand nucleus it is reasonable to keep in the expectation 

value of H(3) only terms of the form: 

A. 
2 

< X· IH(3) Ix· >. 
l. l. l 

In case an orbital singlet of the central ion is lowest, the expectation 

value of H(3) in the substate Sz = S can be written as the sum of the 

expectation values of H(3) taken over the orbitals composing the ground 
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term. 

The contribution of a single s electron of the ligand to the hyperfine 

interaction, using H(3), can be described by: 

with 

-+ 
-+ 

The contribution to the hyperfine tensor A is given by: 

f A o 
s s 

As=~· 

(B-8) 

(B-9) 

where fs allows for the fractional occupation of the ligand orbit and 2S 

allows for the fact that the expectation value of a component of the spin 

of each electron is a fraction l/2S of that of the total spin. Proceeding 

in the same way for the ligand p electron and introducing: 

with 

A cr 

one finally obtains the result: 

I 

A 2A - A - A zz cr 'IT 'IT 

I 

A -A + 2A - A xx a 'IT 

A .. '-A + 2A - A yy cr 'IT 

+A s• 

+A 
s' 'IT 

I 

+A 
s' 'IT 

in case all d orbitals are singly occupied (Mn2+). 

(B-10) 

(B-11) 

When the bond between the ligand and central metal ion has axial symmetry, 

these expressions reduce to: 

(B-12) 

Ai = -(A - A ) + A a 1T s' 
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where A;; and Al are again the components of the hyperfine tensor along and 

perpendicular to the bond axis, respectively. 

Assuming ys(t} - ys(f)a 0 no contribution can be expected from the bonding 

orbitals. 

In case the ground state of the central ion is orbital degenerate (e.g.Co2+) 

the caiculation of the hyperfine interaction for the ligands is much more 

complicated and depends on the detailed knowledge of the wavefunctions, See 

ref. (53). 

From the numerical values for a
5 

and ap for a chlorine and bromine ion: 

Cl: a 
s 

a 
p 

- 1550. l0-4 

51. l o-4 

-I 
cm 

-I cm 

Br: a = 7228. I0-4 cm-I 
s 

a 
p 

(B-13) 

it can be seen that if fs• f
0 

and f~ are of the same ord!r of magnitude the 

contribution of the s electron to the components of the A tensor is much 

larger than·the contribution of the p electrons. 

B.3 The· quaclrupole hyperfine interaation. 

If HQ represents the quadrupole interaction hamiltonian. the contribution 

of a single p electron is given by: 

-2< xlH Ix > = -2< YIH IY > Q Q (B-14) 

2 -3 
"' - .!le qQ<r >p· {3I 2 - _31I(I+I)}. 

5 41(2I-I) z 

From this expression one can see that for a closed p shell the quadrupole 

interaction vanishes as could be expected from the spherical symmetry of 

such a shell. 

In the same way as described before we can calculate the expectation value 

of HQ(3) using the antibonding orbitals (B-3). 

In case the central ion is Mn2+ and the bond is strictly axial, this results 

in: 

(B-15} 

However, we also have to add the contributions of the filled bonding 
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orbitals as they contain admixtures of the 3d orbitals which behave like 

holes in the p shell. First we will neglect admixtures of the 4s and 4p 

orbitals of the central ion in the ligand wave functions. Secondly, we will 

assume that the admixtures of the central 3d orbitals are the same as the 

admixtures of the p orbitals in the antibonding 3d orbitals (implying that 

the overlap S is. much smaller than y), The contribution is then given by: 

(B-16) 

Adding up both contributions the following approximate expression for the 

quadrupole interaction is found: 

(B-17) 

Assuming that < z3 1HQlz3 >can be replaced by its free atom value, which 

comes down to the assumption that < r-3 > is about the same in both 
p 

situations, we find: 

(B-18) 

It should be emphasized that the contribution to the hyperfine interaction 

parameters described here refers to a single ion ligand bond. There may be 

additional contributions owing to the bonding of the ligand with other ions 

in or outside the cluster. 
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SUMMARY 

This thesis describes the results of nuclear magnetic resonance experiments 

on the antiferromagnetic compounds CoBr2.6H2o, MnBr2.4H201 CsMnBr3 .2H2o, 
Cs

2
MnBr4 ,2H

2
o and Rb2MnBr4 .2H20. 

These compounds are isomorphic with the cor'responding chlorine compounds, 

the magnetic properties of which have been reported by several authors. The 

aim of this work was to detect any correlation between the changes in the 

hyperfine parameters and exchange when the chlorine ion is replaced by a 

bromine ion. 

From the magnitude of the hyperfine fields at the Br nuclei, which fields 

are mainly due to the isotropic part of the hyperfine interaction, it can 

be concluded that there are no significant differences in f , the isotropic 
s 

spin density, for these bromine and chloride compounds. There seems to 

be some increase in f
0 

- fn1 which can account, to some extent, for the 

increase iri .the exchange interaction and the transition temperature when Cl 

is substituted by Br in these compounds. However, only qualitative remarks 

can be made by lack of structural data and pure quadrupole signals. 

In chapter I and II the solutions of the hamiltonian together with some 

methods to determine the interaction parameters, are described. 

In chapter III a short survey of the measuring techniques is given. 

In chapter IV and V the experimental results on CoBr2.6H2o and 

MnBr2 .4H2o are given. In both compounds there are no significant 

differences between the directions of the hyperfine fields as compared with 

the chlorine salts. 

The nuclear magnetic resonance data on the linear chain compound 

CsMnBr3 .2H20 are described in chapter VI. From the direction of the internal 

magnetic fields on the bromine, cesium and hydrogen nuclei it follows that 

the magnetic space group differs from the isomorphic chlorine compound. 

This is caused by the reversal of sign of the (small) exchange parameter in 

the'b direction. 

Some evidence has been obtained for a substantial spin reduction which 

roughly agrees with the predicted value from spin wave theory, 

Chapter VII deals with the results on the isostructural triclinic compounds 

Cs2MnBr4 .2H20 and Rb 2MnBr4 .zH20. In addition to the nuclear magnetic 

resonance data on the bromine, cesium, rubidium and hydrogen nuclei, also 

parts of the magnetic phase diagrams are given. It turns out that in both 

compounds the magnitude of the exchange and anisotropy fields are almost 
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equal (~20 kOe). In Cs 2MnBr4.2H20 this gives rise to a metamagnetic 

transition. This metamagnetic transition is accompanied by a large, 

absorption signal. 

The phase boundaries close to the transition temperatures behave conform 

the law of corresponding states as formulated by Shapira. The temperature 

dependence of the critical fields parallel to the easy axis could be fitted 

very well with the expression derived by Bienenstock for an Ising system. 

This also supports the interpretation of the temperature dependence of the 

sublattice magnetization in terms of an Ising model. 

From the splitting of the Rb signals close to the transition temperature a 

value for the critical exponent of the sublattice ,magnetization could be 

derived. 

In chapter VIII a comparison of the hyperfine parameters in the chlorine 

and bromine compounds is made. As the covalency contribution to the 

quadrupole interaction is probably very small, an estimate for the 

Sternheimer antishielding factor for the Cl- and Br-ion could be obtained. 

From the experimental data it appears that the ratio of the quadrupole 

transition frequencies in the chlorine and corresponding bromine compounds 
• k bl d . . 1 . b Br/ Cl 8 'l't..' is remar a y constant an is approximate y given y vQ vQ ~ • Luis 

value is also found in some other transition metal compounds (4,93). 

Similarly, the ratio of the chlorine and bromine Zeemanfrequencies, is 

fairly cons~ant in these compounds and can be given by vzBr/vZCl~4.5. 
The experimental work, described in chapter IV and V was published in 

Physica (7,8). Part of the experimental work given in chapter VI, VII and 

VIII was presented at the "International Conference on Magnetism" Moscow 

(1973). 
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SAMENVATTING 

In dit proefschrift worden de resultaten van het onderzoek met behulp van 

kernspinresonantie in de antiferromagnetische zouten CoBr2.6H
2
0, MnBr

2
.4H

2
0, 

CsMnBr3 .2H2o, cs2MnBr4 .2H2o en Rb 2MnBr4 .2H2o aan de Br, Cs, Rb en H kernen 

beschreven. 

Deze verbindingen zijn isostructureel met de overeenkomstige chloorverbin

dingen, waarvan de magnetische eigenschappen reeds bekend zijn. 

Doel van het onderzoek was na te gaan of er correlatie bestaat tussen de 

veranderingen in de hyperfijn-parameters en de exchange-parameters wanneer 

in deze overgangsmetaal-zouten Cl door Br wordt vervangen. 

Uit de grootte van de hyperfijnvelden op de broomkernen, welke velden groten

deels terug te voeren zijn op het isotrope deel van de hyperfijn interactie, 

kan geconcludeerd worden dat er geen significante verschillen zijn in f , de . s 
isotrope spindichtheidscoefficient, voor de isostructurele chloor en broom 

verbindingen. 

Hoewel er voor sommige zouten aanwijzingen bestaan dat fcr - fn enigszins 

toeneemt bij substitutie van Br op Cl plaatsen, is het niet mogelijk 

quantitatieve waarden te geven hetgeen onder meer samenhangt met het ont

breken van gedetailleerde structuu· ;egevens en het ontbreken van quadrupool 

signalen in de niet geordende toestand. 

Deze geringe toename van f
0 

- fn is in overeenstemming met de iets hogere 

waarde van de exchange-constante in deze broomzouten t.o.v. de chloorver

bindingen. 

In hoofdstuk I en II worden de oplossingen van de hamiltoniaan in samenhang 

met de diverse methodieken ter bepaling van de interactieparameters uit de 

resonantiespectra beschreven. 

In hoofdstuk III wordt een summier overzicht van de gebruikte meettechnieken 

~egeven. 

In hoofdstuk IV en V worden de experimentele meetresultaten voor CoBr2.6H20 

en MnBr2.4H2o behandeld. In beide verbindingen blijkt de riehting van de 

hyperfijnvelden nagenoeg niet te verschillen van de richting gevonden in de 

overeenkomstige chloorverbindingen. 

De kernspinresonantie-metingen aan CsMiiBr3.2HzO worden in hoofstuk IV be

schreven. Uit de richtingen van de interne .magnetische velden op de broom, 

proton en cesium kern volgt dat in deze verbinding de magnetische ruimte

groep verschilt met die van het isostructurele chloride. Dit effect kan 

worden toegeschreven aan het omkeren van teken van de (kleine) exchange 

constante in de b richting. 
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Gezien de ketenstructuur van deze verbinding zou een aanzienlijke spinre

ductie te verwachten zijn. Uit het verschil in grootte van de experimentele 

en berekende waarde van het magnetisch dipoolveld op de protonen kan een 

reductiefactor worden bepaald, die redelijk overeenstemt met de waarde zoals 

deze voorspeld wordt door de spingolf theorie. 

In hoofdstuk VII worden de resultaten voor de isostructurele trikliene ver

bindingen Cs2MnBr4 .2H2o en Rb 2MnBr4 .2H20 vermeld. Naast de interactie para

meters voor de broom, cesium, rubidium en waterstof kern is ook een gedeelte 

van het magnetische fasediagram bepaald. Het blijkt dat in deze verbindin

gen de exchange en anisotropie velden van dezelfde orde van grootte (~20 kOe) 

zijn. In Cs2MnBr4.2H2o geeft dit aanleiding tot een metamagnetische overgang 

die in dit geval als een absorptiesignaal kan worden waargenomen. 

De temperatuurafhankelijkheid van de magnetische fasegrenzen dicht bij de 

overgangstemperatuur blijkt goed overeen te stemm.en met de door Shapira 

geformuleerde wet van overeenkomstige toestanden en kan verder over het hele 

temperatuurgebied beschreven worden met de door Bienenstock voor een Ising 

model afgeleide uitdrukking. Dit laatste is in overeenstemming mel het feit 

dat ook de subroostermagnetisatie voor deze verbindingen beschreven kan 

worden met een Ising model. 

Uit de splitsing van de rubidium signalen zeer dicht bij de overgangstempe

ratuur is de waarde voor de kritische exponent van de subroostermagnetisatie 

nabij de ordeningstemperatuur bepaald. 

In hoofdstuk VIII worden de hyperfijn gegevens voor de zouten onderling ver

geleken. Aangezien te verwachten·is dat de covalente bijdrage tot de quadru

poolinteractie in de Mn zouten te verwaarlozen is, kan een schatting van de 

Sternheimer afschermingsfactor worden verkregen. 

Uit de experimentele gegevens blijkt dat voor al deze verbindingen de ver

houding tussen de quadrupoolfrequenties in de broom en chloor verbindingen 
' ' 1 . d d Br/ Cl 8 lk d k ' vri)we constant is en wor t gegeven oor vQ vQ = , we e waar e oo in 

andere verbindingen wordt teruggevonden (4,93). 
Evenzo blijkt dat de verhouding voor de Zeemanfrequenties constant is en 

Br Cl kan worden beschreven met vz /vz ~4.5. 

Het experimentele werk beschreven in hoofdstuk IV en V, is reeds eerder ge

publiceerd in Physica (7,8). Tevens is een gedeelte van het experimentele 

werk gegeven in hoofdstuk VI, VII en VIII gepresenteerd op de "International 

Conference on Magnetism" in Moskou (J9.73),. 
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LIST OF ABBREVIATIONS AND SYMBOLS 

EFG electric field gradient tensor 

MFA molecular field approximation 

NMR nuclear magnetic resonance 

PQR pure quadrupole resonance 

SMM simple monopole model 

r.f. radio frequency 

!?f hyperfine 

A transferred hyperfine field tensor 

B magnetic induction* 

D anisotropy constant 

R magnetic field strength* 

H Hamiltonian 

HA anisotropy field 

HE exchange field 

v transition frequency 

vp proton transition frequency 

vQ pure quadrupole transition frequency 

v2 Zeeman frequency 

e (polar) angle 

n asymmetry parameter 

' (azimuthal) angle 

* In this thesis we will use the c,g,s. system rather than the International 

System. Although the latter is to be preferred we will use the former 

system in order to avoid unnecessary confusion with the existing liter~ture. 

In chapter VII we use H instead of B in order to conform with the convent

ional usage. 
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