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ABSTRACT

THE MAGNETIC SUSCEPTIBILITY OF SOME
THIOUREA-COORDINATED TRANSITION
METAL HALIDES IN THE PARA-
MAGNETIC AND ANTIFERRO-
MAGNETIC STATES

by Howard Jay Van Till

Magnetic susceptiblliity measurements were made on
singie crystal and powdered samples of thiourea-coordinated
transition metal halides having the chemical formulas
CoCl, 4 (NH

CS1, MnCl, 4[(NH,),CS], and NiBr, 6[(NH,),CS].

2 2)2 2)2
Each of these materials was observed to undergdo a transitlon
from the paramagnetic to the antiferromagnetic state at

low temperatures. On the basis of the behaviour of the
magrietic susceptibility an attempt has been made to identify
the directions of the sublattice magnetizations, and a
comparison of the measured values of the parallel suscepti-
bllity has been made with the results of recent calculations
based on the Ising model.

The magnetic susczeptibility of all samples was
measured by the ac mutual inductance method uslng a
commerclal mutual inductance bridge operating at 17 cps.

The temperature of the sample was determined by measuring

3

the vapor pressure of the He~” or Heu bath in which the

sample was 1immersed.



HOWARD JAY VAN TILL

The results of the measurements on Co(tu)uCl2 indi-
cate that it has an antiferromagnetic transition at 0.93°K.
The sublattice magnetization vectors lie along or near to
the ¢ axls of this tetragonal crystal and a simple two-
sublattice model 1s investigated.

The behavior of the magnetic susceptibility of
Mn(tu)uCl2 shows that this tetragonal crystal has an anti-
ferromagnetic transition temperature of 0.56°K. However,
the sublattice magnetization vectors do not 1lie near the
¢ axls as was the case for Co(tu)uC12. A two-sublattice
model in which the magnetization vectcrs lie in the ab
plane 1s suggested but leads to some difficulties which
can only be resolved by measurements at lower temperatures.

The thiourea-coordinated nickel bromide, Ni(tu)6Br2,
exhlibilts the most unusual behavior of the three materials
here reported. The susceptibility data leads to the con-
clusion that this material has two transitlons of the
antiferromagnetic type at 2 0°K and 2.2°K respectively.
This conclusion 1is supported by specific heat data which
shows peaks in the specific heat at these temperatures.
Furthermore, along ncne of the principal magnetic axes
does the susceptibility approach zero at low temperatures.
Thus a simple two-sublattice model can be eliminated
immediately and a four-sublattice model, with the magneti-
zation vectors lying 1n the ac plane of this monoclinic

crystal, is suggested.
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I. INTRODUCTION

Measurements of the magnetic susceptibilities of metals
and alloys of the transition elements first led Néel1 to
introduce the concept of antiferromagnetism. He was able to
explain the qualitative features of the experim ental
results by postulating that the magnetic moments of the
magnetlic lons were arranged in an alternatling antiparallel
pattern. Since that time this concept has been shown to be
valld for many metals and insulators and has been the
subjJect of much experimental and theoretlcal work.

Information concerning the nature of the antiferro-
magnetic state can be obtalned from a variety of experiments,
including magnetic susceptibility, neutron diffraction,

X ray diffraction, electron spln resonance, nuclear magnetic
resonance, specific heat, thermal and electrical conduc-
tivity, and others. Each of these measurements contributes
to the descriptlion of the antiferromagnetic state of a
material, and a complete description must include all of
these properties,.

The work described in this thesls has a three-fold
purpose.

1. The construction of a system capable of measuring
the magnetic susceptibility of antiferromagnetic materials
in the He3 and He“ temperature range (o0.40°K to 4.2°K).

1



2. The measurement of the magnetlc susceptibllity of
materials not previcusly studied or known to be antiferro-
magnetic with transition temperatures in this temperature
range.

3. The discovery of new antiferromagnetic materials
sultable for further investigation by methods already
existling in thls laboratory, such as proton magnetic
resonance and specific heat.

The main body of this report consists of a description
of the experimental apparatus and procedure, a brief dis-
cussion of some of the existing theories of antiferro-
magnetism, and a presentation and discussion of the behavior
of the magnetic susceptibility of three antiferromagnetic

materials discovered 1n this work.



II. EXPERIMENTAL APPARATUS AND PROCEDURE

A. General Method

Magnetlc susceptibllity was measured by the ac mutual
inductance method. This method utllizes the fact that the
mutual inductance of two concentric solenolds 1s propor-
tional to the magnetic permeability of the space or material
within the solenoids. If we let AM be the difference in
the mutual inductance of a set of colls with and wilthout a
sample in some specified volume then aM will be propor-
tional to the difference 1n the permeability of that volume

and hence proportional to the susceptibllity of the sample.
AM = Cy, (2.1)

where x = the susceptibllity of the sample.

The proportionality constant C in (2.1) can be
evaluated in two ways. (1) A theoretical value can be
calculated using the geometry of the system of coils and
sample. (2) An experimental value can be obtailned by
measuring aM for a sample with known susceptiblility.
Method (1) 1s 1ideal when the geometry of the system is
simple and known to a high degree of accuracy. However,
In the experiments reported here method (2) has been used
since 1t relaxes the requirements on coil construction

and since standard samples with reasonably well known

3



susceptibilities are readily avallable. Standards used here
were single crystals of ferric ammonlum alum and potassium

chrome alum with susceptibilities of 9.02 x 1073 cc/gm

T
and 3.66 x 1073 cc/gm in their Curie Law regionskz’3

T

B. The Mutual Inductance Colls and Bridge
Figure 1 shows the geometry of the coils and sample.
The primary consists of two concentric solenoids which are
wound such that the condition
Ny o= D_2\2 (2.2)
Np 1)

is approximately satisfied, where

Nl = 6450 = number of turns on inner solenoid,
N2 = 3840 = number of turns on outer solenoid,
D2 = 3.5 c¢cm = diameter of outer solenocid,
D1 = 2.6 cm = diameter of inner solenoid.

These two solenolds are connected 1n series so as to oppose
each other. If (2.2) 1s exactly satisfied, then 1in the
absence of a sample the net magnetic flux through the entire
primary 1s zero, Thus the primary has no magnetic dipocle
moment and will not interact strongly with nearby magnetic
materlials. However, the magnetic fleld intensity at the

sample position 1is not zero and in fact has the value

H C /2 N, - N

s 1 - 2 I oersteds, (2.3)

where

H
[}

current through primary (amperes),
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#

length of primary (cm),

Q
1}

constant, slightly less than one due to the finilte
length of the solenoids.

Therefore, the presence of a sample with x # 0 will introduce
a change 1n the magnetic flux which can be measured by the
secondary. An additional secondary coil identical to the
measuring secondary and connected in opposition to it is

used to compensate for any flux resulting from the fact

that (2.2) may not be exactly satisfied.

The coils were wound with #36 Nylclad coated copper
wire. The method of construction 1s similar to that
described by Abel, Anderson and Wheatleycu

The mutual inductance was measured with a Cryotronics

model 17B electronic mutual inductance bridge5

operating
at 17 cps. When the bridge is balanced the mutual induc-
tance belng measured is equal to the product of the course
and fine dial readings multipliled by 50 x lO_5 vh. The
sensitivity of the colls was such that the difference in
dial readings with and without sample had to be multiplied

by 2.2 x 10-8 in order to obtain the susceptitility. Thus:

x (cc/mole) = (P - P_) M.Wh\ x 2.2 x 1075, (2.4)
S e\ S
s/
where
Ps = Product of course and fine dial settings wilth
sample 1n ccils,
Pe = Product of course and fine dial settings without

sample in coils (empty),



M.W.

molecular weight of sample,

W
s

actual welght of sample in grams.

The mutual inductance bridge was most easlily balanced
by applyling theprimary coll voltage to the x axls of an
oscilloscope and the output of the bridge amplifier to the
y axls. An offbalance condition appears as an ellipse on
the scope, whlle a perfectly balanced condition appears as
a single horizontal line. The resistive balance primarily
controls the tilt of the elllpse and the inductive balance
primarily controls the openness of the ellipse Thus 1t

was quite easy to judge what adjustments were necessary to

obtain balance.

C. H83 Dewar and Sample

As shown in Fig. 1 the colls are mounted on the out-
side of a glass He3 dewar. This dewar 1s shown 1n more
detaill in Fig. 2. As can be seen, the design is very simple
and only very crude attempts were made to minimlize radiaticn
heat leaks. However, this system worked very well and
temperatures as lcw as 0.4°K could be reached. For lower
temperatures one should provide a more efficlient radiation
trap and possibly provide larger pumping lilnes.

The sample, ground in the shape of a short cylinder
with rounded ends, was of such a size as to slide freely
down the 1nner tube, yet maintain 1ts orientation with

respect to the axls of the colls. It was held 1n place
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at the bottom of the dewar by three or tfour drcps of Dow
Corning 704 fluid which freezes upon ccoliing.

For measurements below 1.1°K the sample was immersed
in liquid He3. The temperature was measured by noting the

3

vapor pressure of the He-” as sampled by a 1/8" teflon tube

which extended from an NRC Alphatron pressure gauge to a
polnt just above the surface of the liquld He3. The guage
was calibrated by measuring the susceptibility of ferric
ammonium alum and pctassium chrome alum, which are known
to obey the Curle law in the He3 temperature range, as a
function of the pressure gauge readirgs. The value of the
susceptibllity gives the temperature corresponding to the

Indicated pressure .

D. Experimental Procedure
Listed below 1s a typical sequence of operations
during a single exper:mental run

1. Pre-cocl to iiguid ritrcgen temgerature and

L)

evacuate both secticrs of the Ee~” dewar to a prezsure ¢
. -5 .
about 10 - mm. Hg.

2. Take a reading <f the mutuel inductante, mading

sure that thermal equilibrium has bteen reached.

(o

@

3. Isolate the inner anrd cuter chambers of the

[

4 .
dewar; 1Introduce He gas Into the excrharge cas sectlon at

a pressure of about 200 ¥ and He3 gas into the He3

section at a pressure of about 1 mm.
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b, Transfer liquid He4 Into the large Heu dewar and
immediately begin to pump on the Heu.

5. Whille pumping on the Heu, introduce the remainder
of the He3 gas 1into the He3 dewar and allow the He3 to
liquify.

6. Allow the system to come to thermal equilibrium
at the lowest He4 bath temperature (~ 1.1°K).

3

7. Remove exchange gas from He~- dewar.

8. By pumping on the He3, lower the temperature of
the He3 bath and crystal in a stepwise manner, maintaining
each different pressure until M ceases to change. Thermal
equillibrium was attained much more quickly when decreasing
the temperature than when allowing the temperature to drift
up .

9. When finished with measurements below 1.1°K admit
some exchange gas again (~ 100 u) and pump out the remaining
He3.

10. Allow the Heu bath to warm up to 4.2°K.

11. Decrease the HeLl bath temperature and agaln measure

M at appropriate temperature intervals down tc 1.1°K.

E. Data Reduction and Experimental Accuracy

The experimental procedure above describes how
M(T) was measured. But what we really want to know is
AM(T). Theoretically one should be able to simply take

the difference of M(T) measured with and without a sampie.
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But 1n actual practice it was found that an additional
constant had to be 1Included 1n this difference 1n order
to account for small changes 1in the coll characteristics

from run to run.

Therefore
AM(T) = M(T) with - M(T) without + Mo , (2.5)
sample sample
where
Mo = 1lim M1 - M1
1.9 T/ without T/ with
T sample sample | . (2.6)

This method does have the disadvantage, however, of
placing too much emphasis on the measurements of M at
liquld nitrogen temperature. If thermal equilibrium has
not been attailned a constant error will be introduced.

An alternative method is to construct the system such
that the sample can be physically moved in and out of
the colls. This was not done in the He3 cryostat but
for many of the measurements in the Heu temperature range
the He3 dewar was remcved and replaced by a sample holder
which could be easily moved in and out of the coll region.
This method was very helpful in checkingearlier data, and

in the case of Ni(tu)6Br where the susceptibillity is

2’
small, it proved to be the only reliable method. The
overall accuracy of the data presented in this report is

estimated at + 10%.
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Strictly speaking, the experimental values of the
susceptlbility should be corrected according to the
relation

X = X €eXp R (2.7)
[1+ (4=/3 - N) x,]

where N 1s the demagnetization factor along the axls of
measurement and Xy is the volume susceptibllity. Since
this correction would amount to 1% or less for thils work

it was 1gnored.

F. Sample Preparation and Chemical Analysils

All samples used in this study were grown from
aqueous solutions of the transition metal halide and
thiourea. Although good, large single crystals of these
materials werenot difficult to obtain, a brief description
of the procedure 1s glven here.

Large, dark-blue, bipyramidal crystals of Co(tu)uCI2
were easily grown at room temperature by slow evaporation
of an aqueous solution containing CoCl2 : 6H20 and
(NH2)2CS in the ratio of approximately 2:1 by weight. The
exact composition of the solution was not very critical
and good samples could be grown with a wide range of

constlituent ratios.
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Large, dark yellow-green, prismatic crystals of
Ni(tu)6Br2 were readily grown at room temperature by slow
evaporation of an aqueous solution of NiBr2 and (NH2)2CS
in the ratio of approximately 1:1 by weight. It was
found, however, that thiourea tends to act as a reducing
agent and small amounts of nickel would collect on the
sldes of the beaker. Therefore the solution was filtered
every few days and placed in a clean beaker.

Mn(tu)4012 required a little more care and patience
than needed for the other materials described above., It

was found that the weight ratio of MnCl, - MH2O to

2
(NH2)2CS had to be approximately 20:1 at room temperature.
Good crystals would grow at room temperature but very
slowly. It was found that crystals could be grown faster
by preparing a solution with a 5:1 ratio of constituents
and allowing the solution to cool slowly from 50°¢C,

The chemical constitution of our samples was
determined by subjecting them to a chemical analysis for
thelr nitrogen, sulfur, and metal content. Below 1s a
list of the theoretical and measured compositions. The
agreement between theoretlical and measured values 1s

sufficlently close to assure us that we are using the

correct chemical formulas.



Table l1l.--Results of chemlical analysis of samples.

Sample Per Cent N Per Cent S Per Cent Metal
theor. meas. theor. meas. theor. meas.
Co(tu)uCl2 25.8 24.5 29.5 29.3 13.6 12.4
Mn(tu)4012 26.0 24.5 29.8 28.7 12.8 12.1
I\L:i(tu)xBr2 24.9 24.2 28.5 28. 4 8.7 8.9

(4




ITII. BRIEF DISCUSSION CF EXISTING THEORIES

A. The Scope of This Discussion

A complete discussion of all thecries pertaining e
the behavior of antiferromagnetic mater:als 1s both im-
practical and unnecessary. There exist many comprehensive
reviews6_8 of thils subject to which the reader 1i1s directed
for further discussion and references. As a basis for the
discussion of Chapter IV, I shall review here the origin of
the spin-dependent 1interactions, two cocmmdn approximaticns
to thils interzction potential (mclecular fileld approach
and Ising mod=1), and the results of seriles expansion calcu-
lations on the magnetic susceptibility of the Ising anti-
ferromagnet.

B, Direct and Indirect Exchange--
Early Thecriles

In order to account for the crdered state of spir
systems 1t 1s necessary to know the nature and origin cf
spin-dependent forces. Why do nelghboring spins prefer a
parallel or antiparallel arrangement? In the early work cf
Helsenberg, Dirac, and others, perturbation theory was
applied to the atomlc orbitals of neighboring 1ons, each

wilth one or more unpalred spins outside of a nonmagnetic

15
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core. Consider the case of one unpaired electron on each
ion. If the orbital wave functions wi and wJ of the unpaired
(magnetic) electrons on atoms k and J are orthogonal, the
perturbation caused by the Coulomb repulsion between these
electrons splits the original ground state, which had a two-
fold exchange degeneracy, into two states separated in

energy by an amount 2Jij’ where

iy = S;vl avy ¥ (5 V) (B _e v, (7)) ¥y (F,), (3.1)

and r, and ?2 are the position vectors of electrons 1 and 2

1
In thils two-electron formulation of the problem. J 1s

1]
positive so that the upper state 1s one with a symmetric

orbltal function and an antisymmetric (S = 0, spins

tot
antiparallel) spin function, while the ground state has an
antlsymmetric orbital function and a symmetric (Stot =1,
spins parallel) spin function. This splitting 1s caused by
the Coulomb interaction between orbitals and the restrictions
of the Paull exclusion principle. Although the splitting 1s
orbltal 1n origln the energy can be expressed formally 1n
terms of the relative orlentation of the spins. Let
<i§§>>be the expectation value of the spin-dependent part of

the electron-electron 1nteraction. The proper energy levels

can be obtained by letting

ysPS -
Wiy = %y <1+u<§1 : 's‘J>) . (3.2)
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, A SN L 2 2 2
Noting thar<<§i - é;> = %(<§;o;>-<§&:>— <§J>» s

1t can be seen that results of the perturbation calculation
are retained.

Generalizing the problem to a macroscoplc crystal
Instead of an i1solated palr of atoms, the splin-dependent

part of the electron-electron interaction has been written

as Sp - -
Vo= 1= Ty (1S Sy, (3.3)
13 ¢

where the summation 1s to be carried over all palirs of
atoms in the crystal. This form is often called the
Helsenberg interaction.

One problem with this formulatlion 1s that Jij is
always positive (ferromagnertic) and cannot account for an

antiferromagnetic 1nteraction This can 1n some cases be

overcome by using nonortrnogonal orbitais in whicn case

2
e . .
= 1s replaced by the total Hamiltoniarn in the expression
12
for JiJ' If the electrons are in an attractive poterniial,
JiJ may become nega-.ve. In elther cCase discussed avure tae

effect depends on the direct ccontacst or overiap cf wave
functions and has tradiftionally been cailsd dlrezt exchange.

Most antiferrcmagrnetic materials are insulators in
which the magnetilic 1lcns are serarated bty non-mzgnetlc ionc
or groups of 1lons. Early tninking on trils matter led to tn=
idea that direct exchange played an unimportant role in

interactions between magnetic ions in such cases and a diii2r-

ent effect was sought



By virtue of the fact that this interaction acts over
large dlstances 1t was glven the name superexchange (or
indirect exchange). Without going into the mathematical
details, which may be found elsewhere6’9’10, let us
describe qualitatively the origin of thils phencmenon.
Conslider a three-icn system such as Mn20+*. The zero-order
ground state can be described as

++ - ++

Mn 0 Mn

dl o) d

2
where we have concentrated our attention on one of the
d electrons in each Mn atom and on two p electrons of the

0 atom. One possible excited state can be described by

Mnt 0~ Mn Y

N P da
where one of the p electrons from the 0 atom has gone cver
to one of the Mn atoms. If one now carries out a perturba-
tion calculation and cconslders the contributions of the
excited states toc the true ground state one finds some
interesting results. The first-order ccrrection to the
energy 1s zero. The second crder correctlion is indeperndent
and d

of the spins of d 5 The third order correction to

1
the energy can be written in the form J \S : S >

Thus, once again we have an 1nteracticn which can
formally be written as in (3.3). In this case, however, the

Interaction is transmitted by an intermediate non-magnetic

ion such as 0, S, ¥, Cl1, Br, or I.
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C. Exchange Interactions--Modern Theory

The early theorles discussed abcve seemed to have many
good qualities but ran into difficulty on many polnts. The
perturbaticn calculation used in the superexchange problem
converges quite slowly and has many large non-magnetic terms.
Other excltations such as double electron transfer lead to
similar results, suggesting that the real mechanism is
simpler than assumed Finally, one does not really know the
proper wave functicons to use in calculating Jij'

The modern theory of exchange interactionsll

, now 1in
its early stages, attempts to treat the problem 1n a more
realistic way. The program consists of two parts:

1. In order to assure a more rapildly converging
perturbation series, calculate by means of modern ligand
field theory the wave functions of the magnetic and non-
magnetic ions 1n the crystal, neglecting all exchange effects.

2. Using the results of part (1) include now the
exchange effects and calculate the interaction characteris-
tics of the magretic 1ons.

This prcgram has the advantage that the perturbations
are weaker and more rapidly converging. In addition, alil
interactions are now directly between magnetic lons, the
intermediate non-magnetic lons being taken care of by the
ligand fleld calculations. Thus the early distinction

tetween direct and indirect exchange 1s broken down and new

meaning 1s given to these terms.
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Direct exchange ncw refers only to the effect provided
by the electrostatic Coulomb repulsion of electrons. This
applies to any palr of magnetic ions regardless of the
presence of non-magnetic ions. Such an interaction is
always ferromagnetic.

Superexchange 1s now the second-order effect of a
virtual transfer of electrons between magnetic ions. It
1s a kinetic energy effect related to the fact that when
two neighboring spins are parallel thelr crpital functions
are orthogonal, while for artiparallel neighboring spins
the spin functiocns are orthogonal so that their orbital
functions may overlap. Suczh an interaction 1s always anti-
ferromagnetic and the splitting between parallel and anti-

parallel states 1s af the order 2b2 , where U 1s the Coulomb

U

energy gained by an electron in golng from one magnetic 1cn
to another, both of which originally contalned *he proper
number of electrons, ard b is the "transfer integral'
connecting these states Thnis new superexchanze mechanism
depends on a direct ccntact between wave functions cof
nelghboring magnetic electrons as cpposed to the early
theory in which the intermediate non-magnetic ion providea
the connecting link.

These two effects, direct exchange related to the

Coulomb repulsion of electrons, and superexchange related

to electron transfer, are the major contributors to
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spln-dependent forces in the modern theory of exchange 1n
insulators. In each case the interaction potentlal can

be put in the form (3.3).

D. Approximations to Interaction Potential

1. Preliminary R=marks

From the previous discussion we are led to solve the
problem of a system of magnetic l1ons with an interaction

potentlal of the form

(1 + 43, - S.) , (3.3)
5 v

where the summation is over all palrs of magnetic 1lons.
This has proved to be an extremely difficult problem and
many approximations to (3.3) have been made.

A first simplification can be made by igncring all
but nearest neighbor pairs in the summation of (3.3). In
many cases this is a good approximation, but by itself does
not lend much simplification to the problem. Thus we are
forced to go to a greater degree of approximation. In the
following sections I shall describe the principal features

of two such approximations.

2. The Molecular Field Approach

The Welss molecular fleld approach to antiferromagnetic
materlals proposed by Néel 1n 1932 has been responsible for a
considerable advance in the qualitative understanding of

many properties of antiferromagnetic systems. Let us assume
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that we can divide the lattice of magnetic ions into two
Interpenetrating sublattices A and B. We concelve of the
ground state of the system to be cne in which all the
spins on sublattice A are parallel to each other and anti-
parallel to the spins on sublattice B, each sublattice
having the same number of spins sc¢ that the net magnetic
moment 1s zero. Conslder one 1on 1 on cne of these
sublattices, say A. To simplify the summation in (3.3)
let us assume that thls 1ion interacts with z neighbors on

sublattice B with an exchange constant J and z' neighbors

l,
on sublattice A with exchange constant J2. Now we can

express the interaction pctential of atom 1 on sublattice

A as

vi - —2a.s
17 7e™y

F g s
] S, -27,8; - : S, (3.4

.

where the first summation 1is over the z neighbcrs on
sublattlice B and the second summation 1s over the z'
neighbors on sublattice A. Equations (3.4) and (3.3) can

be related by

L

v°P = constant + § V? + Voo (3.5)
i j Y

The next apprcximation ccnsists 1in replacing the

summations in (3.4) by z§B and 73 respectively, where

A
§A and §B are tc be considered as statistical averages of

the spin on each sublattice. Doing thils, (3.4) beccmes

A - -

= - g , 3 _ . 2 K)
vy 2le§i §B 22'J2§i §A (3.6)
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Remembering the reiatlion between magnetic moment and spin
for an electron,
U= -ggl ,
where
g = the spectroscoplc splitting factor,
B = the Bohr magneton,

we can write

A — ' —
Vv, = —-2ZJl L., © Mg - ez J2 L L . (3.7)
i ~ i B i A
2 2 2 .2
g B g B
Now define
+A — —
2zd - 2z'J > .
Hepp - - > ¥ 7 . 22 “a , (3.8)
g B g B
A
so that wecan write Vi 1n the form
A
A _ - /
v, = 7H1 Hepr o $3:9)

. B
with a similar expression for Vj’ the Interaction potential

for atom J on sublattice B.

Thus we have now defin=sd an effective magnetic field

A,B
PR
H which acts on the magnetlc mcment of each icocn. This

eff
1s called the molezular or exchange field. It must be
emphasized that thils is not a real magnetic fleld but merely
a convenlent way to express the energy of a magnetlc lon
coupled to 1ts neighbors by the exchange effect.
With the interactions considered thus far the spin

system may assume an antiparallel arrangement buft has no

preferred directions with respect to crystallographic axes.



This preferred direction can be introduced phencmenologically

in the form of an "anisotropy energy'" which 1s a function of

the

the

can

direction of the sublattice magnetizaticn with respect to
crystallographic axes. Goocd discussicns of thils subject
be found in references 6 and 12.

Now let us calculate the magnetic susceptibility i1n
molecular field apprcximation which we have introduced.

the purposescf this discussicn let us write ﬁeff in a

slightly different form. Note that

where

= >
M = 1/2 N u
A,B / A,B ,
MA B = the magnetization of sublattice A or B,
b

N = the total number of magnetic ions per unit

volume .

Then we can write

where

A
Bepp =~4Mp _ ¥y
B v {(3.10)
. .
Hopp =-ally - dlg
a = -g 22Jl ,
N P
g8 boo(3.11)
y = -% 2z'J;\
2 2 |
g B /
13

From the theory of paramagnetic susceptibility we

know that for a spin only paramagnet (J = 8)
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M = Ng8SB_(y) , (3.12)

where Bs(y) 1s the Brillocuin function,

L /
B.{y) = 2S5 + 1 coth (}ZS + 1'y) -_1 coth|_y \
s IS " 25/ 325 75 ), (313
y = gBSH/kT R
H = applied magnetic field

For an antiferromagnet let us calculate MA cr MB by replacing

H with Iﬁ + Heff‘ (where H and eff are assumed to be

oo’

parallel). Cons->der first the case H = 0. Then

MA = LNgBRSB //iaﬁ + (M |Mges (3.24)
S‘\! B A
kT
In the absence of an applied fileld MA = —MB and iMA|= ‘MBl -
where
= L - S
M = NgESB <" | Mee > . (3.15)

M 1s a decreasing function of temperature and vanishes for
T > TN, where TN can be evaluated in the followlng manner.
We assume that y = Ja-v|MgeS 1s smail and replace SB_(y)
by the leading term in tﬁg serizss expansion, 1/3 (S + 1)y.
Thus, for M small we have

M= L%NgB8 = 1/3 (S + 1) |a-y] MSg 8/ o - (3.16)
This ylelds for the temperature at which the expansion is

most valid

N Ng2B2S(S + 1) Ja-v]| ) (3.
2

3k

T

’,_l
N
N

or

TS Janl : (3.18)
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where C 1s the Curle constant

2 .2

C = Ng~ B S(S+1)
3K
Next conslder the case T > T,q and H # 0.
and Vg wlll be small and MA 5 can be approximated by
b
M, = %Nggl/3 (S + 1) (H - oMy - ,MA) Sg’/
c . .
= —_ - ol -_ 'A.
Mp = op (H - afly PR
M, = o (H - alh, = yM_)
B 2T A E
But xH = MA + MB
Putting (3.19) into (3.20) we have
xH = C {2H - (¥, + My) (a + y) } ,
o A B
so that
X = c__ >
T+0
wnhere
© = C (o + v)
2
For T < TN we conslder rwuo cases.
a. i parallel (> the sublattice meanctizatlon.
To calculate ¥ we must expoand the Brill
"
in powers of H and solives fcr

H

The mathematical details

and we gilve here only the general features.

T =

. c _
0 and rises to T sg at T =Ty

N
o

Again Yy

kT

—

3

(3.19)

(3.

(3.21)

Caiction

are not particularly Illuminzting

varilet.oo al
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b. H perpendicular to the sublattlice magnetization.

From Fig. 3 we can see that le = (MA + MB) sin @ =
2M sin @. To obtain sin @ as a functlion of H we note that
at the equilibrium value of @ the torque on each sublattice

must vanish, or

| M, x (H + ﬁ:ff)i =0 . (3.24)
This leads to

2Msin ¢ = H , (3.25)
so that i

X, = % = constant (3.26)

Figure 4 summarizes the results of these susceptibility
calculations.

The principal feature of the molecular field approxima-
tion lies in equation (3.6) where the summation over neigh-
bors 1s replaced by a statlistical average over the whole
sublattice. Thils in effect removes the concept of local
interactions and cornsiders each ion to be interacting
equally wlth each member of a given sublattice. Although
the constants o and vy defined by (3.11) still contain the
factors z and z', these factors only occur 1n products such
as le and z'J2 and hence merely allcw us to characterize
the strength of the iInteraction by a two-particle parameter
J. The result of this averagling over the sublattice as done

in (3.6) 1is that all effects of short range order disagpear.
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Fig.3. The effect of a perpendicular

magnetic field on the sublattice

magnetization

vectors.
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Fig. 4. Sketch of X vs T in the

molecular field

approximation .
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Only long range ordering 1s considered. At high temperatures
short range ordering is thermally reduced and may certainly
be neglected. Some long range ordering 1s introduced by

the application of a magnetic fileld  Thus 1n the high tem-
perature 1limlt the moiecular field approximation should be
qulte reasonable. However, near cr below TN short range
correlations could surely be expected to influence such
propertlies as the magretic susceptibllity and one must not
put too much faith in the details of results obtalned above.
This has been demonstrated repeatedly by experiment where in
general the results agree with the molecular field theory
with respect to gualitative features but disagree with respect
to quantitative details, except possibly in the high tempera-
ture limit.

3. The Ising Model

The Ising model of the exchange interaction simply

replaces §i : éj by S,; S,,, thus allowing the state of

the system to be described by assigning a value of SZ to

each magnetic 1on. Equation (3.3) 1s then replaced by

VSp = AT _S (3'27)
'y

ziSzJ >

[

J

where A 1s a constant which has been given various values
by different authors. We will use A = 4 so that for spin
% atoms the values of vSP in (3.27) range from -J to +J

as they would in (3.3)
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Let us go back to the two electron problem discussed
earlier and compare the energy levels resulting from (3.3)
and (3.27). Figure 5 shows the energy level scheme for
both potentials and for both signs of J. As can be seen,
the level scheme 1s different for the Helisenberg exchange
and the Islng model potentials. Tne Ising model gives rise
to two doublets separated by 2 |J| fur either sign of J.

On the other hand, the Heisenberg mcdel gives rise to
singlet and triplet levels separated by 2 |J| and inverts
the order of these levels upon a sign change of J.

In splte of these difficulties the Ising model has
been very useful 1n treating magnetic prcperties as well
as other problems in which the state of the system 1is
described by assigning values of a single-particle parameter
to each member cf the system. In the next section we shall
make use of this Ising model in a staristical treatment of
the properties, with emphasis zr the magnetic susceptibility,
of a system of magnetic 1orns whicnh undergoes an antiferrs-

magnetic transition.

E. Statistical lMechanics of the Ising lMcdel

1. Formulation of the problem

In the statistical treatment of a problem it is very
useful to know the partition function of tns system under

conslderation because from this functisrn many thermodrniom’ o
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K\ triplet 7 singlet
21l 2 Wl
b ginglet b triplet
J<O J>0
(a)
7 doublet 7 doublet
2l 21l
! doublet 2 doublet
J<oO J>0
(b)

Fig. 5. Energy levels of the two inter-
acting electron problem (a) using the
Heisenberg model, (b) using the Ising

model.
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prcpertiles can be calculated. The partition function 1is
defined as

Ce_E:/kT ,

g (3.28)

O~

where Ec is an energy state of the system, g, is the
number of states having that energy, and the summation
1s over all possible energy states. In particular, the

magnetic susceptiblliity of the system is

(D=, fngoa,m] (3.29)

oH
where H 1s the magnetic field intensity.

Writing down equation (3.28) 1s very simple but
putting in the values of 8. and Ec 1s often extremely
difficult. 1In our problem EC 1s given by

EC = -U4J

Szi

ko~

S_. - 2uH ]S s (3 30)
K zk i zi

)

where i1s a summation c¢cver nearest nelghbcr pairs, E

i,k i
is a summation over all spins, ard S2 = +%. This is
obtained from (3 3) by dropping the constant term, considering
ocnly nearest neighbor interacticzns, and adding an energy
contribution due tc the presence of an applied magnetic fleld.
Now gc 1s the number of configurations (sets of Szi) which

have the same energy Ec’
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2. Low Temperature Expansions

At low temperatures the lowest energy levels are
dominant in determining the behavior of the system. Thus

one could begin, as did Oguchilu

for a ferromagnet, and
evaluate g, and EC for the ground state and first few
exclted states. It is difficult, however, to obtain a
sufficient number of terms to assure a rapid convergence of
the series as the temperature 1s raised to the transition

15,16 have used varilous

temperature. Thus Sykes and Fisher
means to extrapolate from a finite number of terms to an
infinite series. They have carried out calculations for
the plane square and honeycomb two-dimensicnal 1att1ces15
and simple cubic and body-centered cublc three-dimensional
lattices.16 These series expansions are listed in Appendix A.
It was felt that this was necessary since the original

references have many annoying errors which have here been

corrected.

3. High-temperature series expansions

If one desires to find an expansion which 1s valid at
high temperatures clearly one must use a variable which

7 has shown

goes to zero as T apprcaches 1nfinity. Oguchil
that a convenlent expansion for fthe parallel susceptiblility

can be put in the form

X = Ny E a v N (331)




where
N = the number of magnetic ions with magnetic moment
equal to v,
v = tanh (J/kT) ,
a =1 ,

a_ = twice the term linear in N in the number of ways
of placing r lines which connect neighboring
sites on a lattice of N sites such that two sites
in the lattice will be the meeting polint of an
odd number of lines.
The problem of evaluating the coefflcients a, is studied
in more detall by Sykes,l8 Again it soon becomes difficult
and impractical tc calculate any but the first ten or so

coefficlents. Sykes and FisherlB’i6

have extrapolated the
avallable series and extended the region of validity down
to the transiticn tempera'ure where the results of the low-
temperature series and high-temperature series mest agree.

The corrected high temperatare series expansions are listed

in Appendix A for the four lattices previously mentioned.

tcn oI the Rezuits cof
s and Fisher

Table 3 lists some representative values of x"(T) as
calculated from the series listed in Appendix A. Flgures 6-9
show graphically the behavior of X, (T) fcr the four lattices
considered by Sykes and Fisher. A comparison of these curves

with the results of the molecular field approximation shows
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Fig. 6. X/Xc vs. T/Te for two dimensional

honeycomb Ising lattice.
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Fig.7. X/X¢ vs. T/ T for two-dimensional

plane square Ising lattice.
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Fig.8. X/X¢c vs. T/ T, for three-dimensional

simple cubic Ising lattice.
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Fig.9. X/X¢ vs. T/Tc for three-dimensional

body centered cubic Ising lattice.
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some interesting differences. The molecuiar fleld approxi-
mation, which considers only long range crdering, results

In a parallel susceptibility which has a very sharp peak

at the transition temperature, with a discontinulty in the
derivative of x with respect to T. On the other hand, the
Ising model, which consilders both shert and long-range
ordering, glves rise to a rcunded peak in the susceptibility
at a temperature slightly above the transition temperature,
which 1s characterized by a vertical inflection point in the
susceptibility. The difference in the nature of the peak

in x,, 1s, I feel, mainly a result of the way in which
short-range order 1s treated. In the molesgular field
approach each spin 1is considered to be interacting with the
average magnetization of each sublattice, 1gnoring the
effects ~f local fluctuations, while the Ising model con-
siders each spin to be interacting with 1ts nearest neighbors,
which allows both short and long-rarnge effects to be con-
sidered. Short-rarge effects must be considered near the
transiticn temperature where fluctuations are large.

A compariscn of Figs. 6-9 among themselves shows that
the differences within the two-dimensional and three-
dimensional lattices 1s small, whlle there 1s a mcre striking
difference between the two and three-dimenslonal lattices.
Both two-dimensional lattices have thelr transition tempera-
ture considerably below a very broad peak 1n the parallel

susceptibllity while both three-dimensional lattices have
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thelr transition temperature only slightly below a more
sharply rounded peak in x,, - Thus dimensionallty plays a
more 1important rcle than do differences among lattlces of

the same dimension.



IV. EXPERIMENTAL RESULTS AND DISCUSSION
A. Co(tu)4012

Co(tu)uCl2 forms crystals with tetragonal point
symmetry 4/m. From the x ray data available 1t 1is found
that the unit cell dimensions are a = 13.52 A and ¢ =
9.10 A with four formula units per unit cell, and that
the space group 1s Paz/n.

Magnetic susceptibiiity measurements were made on
several single crystals and powdered samples of Co(tu)uCI2
in the temperature range 0.45°K to 4.2°K. The sample
welght was in.the range of 1.0 to 1.5 grams. The experi-
mental data 1s given numerically in Tables 4-7 in Appendix
B and shown graphically in Figs. 10 and 11. Figure 10
shows the susceptibility data taken for the [001], [100],
and [110] axes. From this data 1t i1s deduced that this
material is antiferromagrnetically crdered below T = 0.93K
and that the sublattice magnetization vectors lle alcong or
very near tc the ¢ axis.

The antiferromagnetic transition temperature is defined
as the temperature at which d (x"T)/dT assumes 1ts maximum
value.19 In Fig. 12 this quantlty has been plotted as a
function of temperature. There 1s an asymmetrical but well-

defined peak at T = 0.93°K indicating that this 1s indeed

41
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Fig.10. Magnetic susceptibility of Co(tu)sCl,
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the correct value for the transiticn temperature of

Co(tu)uCI This 1s confirmed by proton magnetlic resonance

5-
experiments which indicate that this is the temperature at
which local internal magnetic fields begin to appear at the
proton sites.

The conclusion that the sublattice magnetization vec-
tors lie along or near to the < axis 1is consistent with the
results of the protcn rescnance 1nvestigation carried out
by Spence et al. An exhaustive analysis of the proton
resonance data leaves three possibilities for the magnetic
symmetry group, two of which give the same sublattice
structure for Co(tu)uClg, The possible spin arrangements
are shown in Figs. 13 and 14. The cobalt ions are located
at (&, +, &), (=, &, L), (=, <, &), and (&, =, &) respectively
in each chemical unit cell. In Filg. 13 the magnetic unit
cell is identical to the chemical unit cell, whiie in Fig 14
the magnetlc unit cell Is twlice the size of the chemical unit
cell, being elongated along the ¢ axis.

If one could make some predictions, based on the
detalls of the crystal structure and the nature of indirect
exchange 1nteractions, about the magnitude and sign c¢f the
exchange integral between various neighbcring ccobalt 1lons
one could possibly decide which of these spin arrangements

1s most 1likely correct. The program of calculation is

falrly straightforward.
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Fig.13. Possible spin arrangement

Co(m‘u)‘,CI2

or P4'2/m.

having the

for
symmetry P 4,/n
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Fig.14. Possible

Co(tu),Cl, having the symmety

spin arrangement for
I.4,.
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1. For each spin arrangement calculate the ground
state energy E.

2. If one of these ground state energies 1s obviously
lower than the other the problem 1s solved. If there 1is
uncertainty or 1f a check 1s desired go to step (3).

3. For each spin arrangement calculate the susceptl-
bility at T = 0K by minimizing the quantity E - M.H
with respect to deviations in the direction of the sublattice
magnetizations. Thls calculated susceptibility will be a
function of the values of the varicus exchange integrals.

4, From the measured values of the susceptibility
calculate the values of the exchange integrals by requiring
agreement between measured and calculated values of the
susceptibility for each spin arrangement.

5 Compare the sets of exchange integrals calculated
from (4) with the initial predictions and choose the spin
arrangement which leads to the most consistent results.

Unfortunateiy, at this time there 1s not yet enough
information avallable upcn whlch to base predictions con-
cerning the values of the various exchange integrals.

Hence, the program outlined above cannot yet be carried out.

It has long been customary to compare the behavior of
the magnetic susceptlibility above the transition temperature
with the Curie-Welss law, x = C/(T + 0), based on the
molecular fleld approximation  Figure 15 shows that within

the limited temperature range of 2°K to 4°K the powder
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susceptibility obeys the relation Xp = 2.57/(T + 4°K). 1If
one were 1interested in a more critical comparlson with the
Curie-Weiss law more data above U4.2°K would be needed.

In Figs. 16-18 the c¢ axls susceptibility of Co(tu)uCI2
is compared to some of the results of the Ising model
calculations. Figures 16 and 17 show the comparison with
the two-dimensional honeycomb and plane square lattices
where the data has been normalized to TC = 0.93°K and the
maximum susceptibllity equal to that of the Ising lattices.
In each case there 1s agreement on general features but
some differences in detail. The broad nature of the peak
suggests a two-dimensional character of the exchange
interactions. Possibly the exchange interactions within
a set of planes 1in the lattice are large compared to
interactions between planes, although this 1is not obvious
from availlable structural information. In an attempt to
obtain a better fit in the region of the transition
temperature Filg. 18 shows a comparison with the honeycomb
lattice where the data has now been normalized to TC = 0.85°K.
In the temperature range below 2°K the fit is 1ndeed better,
but this 1s somewhat illusory since ’I‘c = 0.93°K, not 0.85°K.

A more serious difficulty brought out by these com-
parisons 1s the fact that at the low temperature extreme the
experimental data begins to differ significantly from the
theoretical curve and seems to indicate a non-zero value

for the susceptibility at T = 0°K. This descrepancy may te
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due to experimental error, either in the value of the
sample temperature or, more likely, in the value of Mo as
calculated from Eq. (2.6). It might also be a real effect
showing that a two-sublattice model is inadequate. In
either case, measurements belcow 0 U5 K would help resolve
the difficulty.

It is hardly appropriate to try to draw any further
conclusions from these comparisons since the Ising model,
like any other model, 1s based on a set of simplifying
assumptions which are not in general satisfied by any real
crystal. However, the more satisfactory treatment of thne
statistical properties in the Ising mcdel is certainly a
great 1lmprovement over the molecular field approach.
Further improvements in the theoretical treatment of an
antiferromagnet will require a more realistic and ccmplete
Hamiltonian whose range of interaction extends aver
several lattice parameters, while retaining a rigorous

statistical treatment.

5. Mn(tu),Cl

J4C1;
Mn(tu)uCl2 forms crystals with tetragonal point symmetry

b/m similar in habit t» Co(tu)uCI X ray data indicates

o
that it has the space group Phg/n with four chemical formula
units per unit cell of dimensions 2 = 13.76 A and ¢ = 9.07 A.

Figure 19 displays the results of measurements of the

magnetic susceptibility along the [001], [100], and [110]
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Fig.19. Magnetic susceptibility of Mn(tu),Cl,

along the [ooi1], [100], and [110] axes.
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axes. The numerical data is listed in Tables 8-10 in
Appendix B. The general features of Fig. 19 indicate that
Mn(tu)MCl2 undergoes an antiferrcmagnetic transition at

T = 0.56°K. However, the sublattice magnetization vectcrs

do not appear to lie near the c¢ axls as in Co(tu});,Cl,. In

fact, the ¢ axils data indicates that the sublattlice magneti-

zation vectors probably 1lie close to the ab plane.

If one considers a simple two-sublattice model with
the sublattice magnetization vectors lying in the ab plane
it must be noted that these Vectors could lie aliong eirher
of two equlvalent axes which are at right angles to each
other. Thus, the possibility of domains woculd have tc be
considered. If the volume of each type of domain were
equal then the susceptibility in fthe ab plare would, 1in
the first approximation, be isctrcpic and egual %o
+ (x, * x,)- The susceptibility alorg the c axls would be

Fclliowing this model a 1ittle further, Fig. 20 shcows

—

plot of x, (T) where ¥, Figures 1

+ v \l - N
X1c0 T X110 T Xeoi
this X, with the three-

O
=

and 22 show a comparison
dimensional simple cubic and two-dimensional plane sguare
lattices. In each case the fit 1is poor but rths three-

dimensional case seems to be preferred, in contrast with

Co(tu)uCI2 which fit reasonably well with the two-cdimensional

results. Figure 23 shows a plot of d(x"T}/ﬂT to demonstrass

thathc = 0.56°K and to show the expected behavior of ihe

magnetlic contribution to the specific heat.

2
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Nz susceptibllity measurements were made on powdered

samp-cs. However, Xp Zg estimated tc be egual to
. g . - - ~ P - - v = o -~ -
~{xq00 + 110 + XOOl)' Figure 24 shows a cumgparliscn o2
the «_ with the Curle-Weiss Zaw x_ = 4 C°F .

P b T+1 -

C. Ni\tq)6B”

thiourea-<cordinated rni-kel. bromide, Ni(tu‘eBr;,has the
m:s% interesting behavicr. The two featuirss 2 spescial
interest are that: 1) alcng nc axis dres the magret’2

gisceptibllity approacth zers at 1ow temgeratures; 2 Loutrh
~“he magnetic susceptiriliity data ard sp=zcific kezt dava
indicate that there are two distinct transitvions an 2 0%K
and 2.2°K respectively. These features wi.. e demon-
strated 1in the fclilowing graphlic and tatular presenzat: .

cf the experimenta. data.
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2. Presentation of Data

A preliminary x ray diffraction study cf Ni(tu)6Br2
indicates that 1t has monoclinic point symmetry 2/m,
space group C2/c¢, with four formula unilts per unit cell
of dimensions a = 24.30A, b = 8.91A, ¢ = 16.79A, and
B = 137.02°, Filgure 25 shows the appearance of a typical
single crystal as viewed along the b axis, and indicates
the other directions of interest 1n the ac plane. Single-
crystal susceptibility measurements were made along the
a, a'y f, ¢, and b directions. Susceptibllity data was
also taken on powdered samples.

Tables 11-13 of Appendix B glve the data for measure-
ments of the susceptibility along the b, a'y, and ¢ direczions.
This is shown in graphic form in Fig. 26. A very careful
observation of the ¢ axls data wlll show inflection poilnts
in x vs. T at T = 2.0°K and T = 2.2°K respectively. This
feature willl be more clearly seen 1in Fig. 32 to be
described later. Note also that the b axls, which by
symmetry considerations must be a magnetlc principal axls,
exhibits a magnetic susceptibility which increases belcw
T = 2.2°K and approaches a maximum value c¢f apprcximately
0.092 cc/mole as T » 0°K.

Tables 14 and 15 1list the experimental points shown
graphically in Fig. 27 which exhlblts the behavior of the
magnetic susceptibllity along the f and a directions of

Ni(tu)6Br2° Again, a careful study of the behavior of
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Xy VS. T will reveal the presence of inflectlon polnts at
T = 2.0°K and T = 2.2°K respectively. One should also
note at this point that along none of the directions
investigated does the magnetic susceptibility approach
zero as T » 0°K.

The behavior of the susceptlibility 1n the ac plane
is seen more clearly in Fig. 28 which shows the experimental
values of x along the f, a',a, and ¢ directions at
T = 1.3°K, and a cosine curve fitted to these values. The
directions of the magnetic principal axes in the ac plane
are labelled x and z respectively 1n this drawing. By
extrapolation it 1s estimated that at T = 0°K we would have

the following values for the susceptibllity along the

principal magnetic axes:

Xy = Xpgo = 0.0310 cc/mole
xy = Xp = 0.0920 cc/mole
X, = X_guo = 0.0755 cec/mole

In Tables 9-12 there are listed values of x and
x'" = (1 + 0.02) x for the susceptibility in the ac plane.
The corrected values x' are used for the following rezson:
The x and z axes are the principal magnetic axes ebove and

below the transition temperatures. At 4,2°K Xx > Xg

while at 1.3°K Xy € Xgpo If these axes remain principal
axes at all temperatures between these polnts, then at

some temperature Xy = X and x 1s isotropic in the ac plane.

Z
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'

The 2% corrections listed are such as to allow x} = Xgr T

Xé = 0.0775 cc/mole at T = 2.7°K. It is felt that

]
Xa

this correction provides more consistent values for the
susceptibillity 1n the ac plane.

Figure 29 shows the experimental data listed in Table 16
for the susceptibility of a powdered sample and compares this
data with a curve which represents %(Xa,+ Xy * Xc)’ The a'
and c¢ axes are not principal magnetlc axes but are reasonably
close.

3. Discussion of Sublattice Structure

It has already been noted that the susceptibllity along
each of the principle magnetic axes approaches a non-zero
value as T » 0°K. Thus, a simple two-sublattice model can be
eliminated immediately. The next model to be consldered is a
four-sublattice model 1n which palrs of antiparallel sub-
lattices lie along different directions and the total magneti-
zation still vanishes. The latter restriction 1s imposed
because none of the susceptibility data 1ndicates a spontane-
ous net magnetization, which 1s usually characterized by
large values of the susceptibility with a sharp peak &t the
transition temperature. Unless prohibited by the symmetry
properties of the lattlce, these sublattice magnetization
vectors could lie in any one of the three planes determined
by the princlpal magnetic axes. This implies that alone one
of these axes only x, will be observed while along the other

two both Xy and x, will contribute to the observed susceptl-

bllity. The most likely candidate for the perpendicular
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direction is the b axis since its low temperature suscepti-
bility 1is significantly higher than long either of the other
two principal axes.

Thus we are led to propose a four sublattice model
consisting of two pairs of sublattice magnetization vectors
lying in the ac plane. Figure 30 shows the directions of
the sublattice magnetization vectors based on this simple
model. All vectors lie in the ac plane and make an angle

of approximately 33° with the principal axis labelled x.
This sublattice arrangement is based on the following

elementary considerations. Assume that the sublattice mag-

netization vectors lie in the xz (ac) plane. This 1is the

most reasonable choice since Xy has the largest value at T =

0°K. Let the magnetization vectors make an angle @ with the

axls as shown 1in Fig. 31. Let the measuring field be repre-
sented by H, making an angle ©® with the x axis. 1If X, and x,
are the parallel and perpendicular susceptibilities for eith

pair of opposing sublattices 1 and 3, or2 and 4,then in the x
plane the susceptibility is

x(0) = x“cos2(®—9) + X, sinQ(G—Q)
+x"cosg(O+Q) +ox, sin2(@+9) s (4.

which reduces to

x(0) = (x, + x,) * (x, - x,) cos2@ cos2e . (4.
At T = 0°K s Xn =0 and x(0) becomes

x(0) = y (1 - cos2¢ cos20) . (4.
Thus: *

Xy =y(0) = XL(l - cos2@¥) = 0.0310 , } L

Xy =x(7) = x, (1 + cos2¢) = 0.0755 \

er

z

1)

2)

3)



72

Fig. 30. Possible directions of sublattice
magnetization in the ac plane of
Ni(tu)¢Br, . P is estimated to be

33° .
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M3 M4
Fig. 31 . Four-sublattice model for

susceptibility calculations.
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Solving these equations for X, and @ we get

2x, = 0.1065
J_ b
} (4.5)
g = 33°
The value 2KL = 0.1065 compares reasonably well with
x, = 0.0920 although there 1s no exact agreement. Crystal-

b
line anisotropy could certainly account for such a

difference.

The sublattice model here presented 1is only a
suggested model based on susceptibility data alone and
should be subjected to further tests such as proton magnetic
resonance or neutron diffraction correlated with a detailed

crystal structure determination.

4, Discussion of Transition Temperatures

As stated earlier, the magnetic susceptibility along
the a and c¢ axes exhibits inflection points at 2.0°X and
2.2°K respectively. This behavior 1s more clearly seen if

x(T) is differentiated. As Fisher has shown,19

the quantity
of most interest 1s the temperature derivative of the
product (X" T). This quantity has been calculated from

Xg and Xo by assuming that X, remains constant with tempera-
ture and subtracting its contribution in accordance with

the proposed sublattice model. This yilelds:

1.25 X" = Xa - 00039 £y
| (4.6)

1.34 x,, x = 0.035

¢
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Note that X, still applies to only one pair of sublattices,
or half of the nickel ions. Figure 32 shows graphlcally

the behavior of d(x, T) as a function of the temperature.
aT
The peaks in this curve correspond to magnetic transitions

of the antiferromagnetic type. Since this derivative is
directly proportional tc the magnetic contribution to the
specific heat it 1s quite appropriate to ccmpare Fig. 32
to Fig. 33 which shows the specific heat data taken by
Forstat, Love, and McElearney. Because of the presence of
two peaks in both the susceptibiliity data and the specific
heat data it 1s concluded that there are indeed two transi-
tions, both magnetic in character. The entropy change
calculated by Dr. Forstat from the magnetic contribution
to the specific heat 1s R 1ln 3, which 1is consistent with
S =1 for nickel and all spins ordered at T = 0°K.
Possible explanations of the presence of two transi-
tlons are that there are two spin systems which order
at different temperatures or that there are two types of
ordered states which are stable in different temperature
ranges. However, without a detailed knowledge of the
crystal structure or the spin arrangement it 1s 1mpossible
at this time to make any definite statements concerning
these transitions except that they are of the antiferro-
magnetic type. X ray diffraction and proton magnetic
resonance experiments are being carried out by Dr. Spence
and his group and should shed considerable light on this

problem.
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D. Others
In addition to the three materials already discussed,
some of the other members cf thils series of materials were
briefly investigated, or should be.

1, Ni(tu)uCl Hare and Ballhausen20 have reported

5
that the magnetic susceptibility of this material obeys
the relation x = 1.14/(T + 6°) in the temperature range
from 77°K to 370°K. It was because of this information
that the low-temperature propertles of this series of
compounds was 1investigated. The proton resonance of

Ni(tu)uCI was observed down to 0.40°K. The resonance

2
lines attained a splitting of about 100 gauss but showed
nc indicaticn of an antiferromagnetic transition. Low-
temperature susceptibillity measurements should yet be
made on this material.

2. Fe(tu)uCl The proton resonance investigation

o'
cf this material gave no evldence for a magnetlc transition
above 0 4C°K. The resonance 1ines showed a small and
rather constant splitting. No susceptibility measurements
have yet been made.

3. Co(tu)uBrzz No magnetic transition above 0.40°K
was indicated by proton resonance. This material has not
yet been subJected to magnetic susceptibility measurements.

4, Fe(tu), Br Magnetic susceptibility measurements
6

o°
on a pcwdered sample indicates an anomaly near 1.0°K which

should be 1investigated further.
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5. An unsuccessful attempt was made to grow a
thiourea-coordinated manganous bromide. Perhaps this
could be pursued further.

6. In addition to the chlorides and bromides con-
sidered, the iodldes are also worthy of investigation.

In particular, Ni(tu)6I2 grows crystals similar in appear-

ance to Ni(tu)6Br2.



V. CONCLUSION

The experimental results discussed in Chapter IV
indicate that this work has met the objectives set
forth in Chapter I. With the apparatus ccnstructed as
described in Chapter II the magneti: susceptibility of
three new antiferromagnetic materiais was measured.

Each of these materials 1s rniow the subjezt of further
study for the purpose of providing a more complete
description of its antiferromagnetic state, which will
add to the body of knowledge concerning antiferromagnetic
materials upcn which a more satisfactory thecry of anti-
ferromagnetism can be based.

One unique feature of these materials 1s the
abundance of protons. Thils makes the analysis of proton
resonance data much more difficult than for hydrated
materials but allows a mcre complete mapping of the
internal magnetic fields, which may be useful in estimating
the distribution of magnetic mcment within the crystal
giving valuable information concerning the wave functions
of the magnetic electrons.

It 1s of some interest to compare the transition tem-
peratures of the thicurea-coordinated materials witn those
of the corresponding water-coordinated compounds. Tablie 2

80



81

lists the transition temperatures of the hydrated materials
and the thiourea-caoordinated materials, along with their

ratios.

Table 2.--Comparison of the transition temperatures of the
thiourea- and water-coordinated ccmpounds.

Compound TN(°K) Ccmpound TN(°K) Ratio
CoCl2 . 6H20 2 28 C:(tu)u012 0.93 2 45
MnCl2 ‘ NH2O 1.68 Mn(tu}uCl2 0.56 3.0
NiBr’2 6H2O 6.5 Ni(tu)6Br2 2.2 2.9
NiCl2 : 6H20 6 2 Ni(tu)qu2 < 0.4 = 15.5
FeCl2 g ﬂH2O 1.0 Fe(Lu)u012 0.4 2.5
CoBr2 . 6H2O 3 08 Co(tu)uBr2 < 0.4 7.7

For the three compounds studied in detail the ratio cf
the transition temperature of the hydrated to the thiourea-
coordinated materiais is quite uniform. Thus for each palr
of materials the ratio of exchange parameters must also be
approximately the same. This might alsc be true for thne
ferrous chlcride type materials. However, for the nickel
chloride and cobalt bromide compounds this similarity breaks

down., For Ni(tu)uCI the difference probably results from

2
the fact that 1its crystal structure 1s different from

Co(tu)uCl and Mn(tu)uCI The space group of Ni(tu),C!

2 2
is I4 while the space group of the others is Pue/n;
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Structural differences will also most 1ikely account for

the fact that Co(tu)uBr behaves differently than

2
Ni(tu)6Br9~ No further statements should be made until
the crystal structure analysis of these materials 1is

completed.
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AFFENDIX A

SERTES EXFANSIONS FOR THE FARALLEL SUSCEFTIBILITY

CF SCME ANTIFERRCMAGNETIC ISING LATTICES



a.
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1. Two-dlmensional honeycomb lattice

T < T, = 1.5186519 |J]|
k

From Eq. (8.7), Ref. 15:

x(T) = NEE_ {}y3 + 12y5 + 8y6 + 148y7 + 96y8 + 32Oy9
kT
+ 888y10 + 27u8y1l + 8384yl + 26340y13
s n+2
+0.1213 n£12 (y/y,)
n(n + 1)
Where: y = exp (-2 |J|/kT)
y = 0.2679492

T > T, = 1.5186519 |J|
K

From Egs. (7.6) and (7.7), Ref. 15:

24
x(T) = Nﬂi (1-V3 V)_% (1 + 3v2)_% exp |} £ t"
KT n=1 "
* Rzu(t?J }
R,,(t) = - [0.184t + 0.42t2 + 0.150t3
_0.07t"] T e
r=6 r(r+l)

Where: v = tanh (J/kT)
t = v/vc

v, = =0.5773503
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and the fn are given by:

fl = +0.017949 f9 = -0.040772 fl7 = -0.009535
f2 = -0.250000 flO = -0.050000 fl8 = -0.019243
f3 = +0.005983 fll = -0.012624 f19 = -0.007160
fu = -0.083333 fl2 = +0.005144 f20 = +0.002436
f5 = -0.073390 fl3 = -0.017627 f21 = -0.006252
f6 = -0.083333 flu = -0.030227 f22 = -0.013244
f7 = _0.015764 f15 = -0.010208 f23 = -0.004891
f8 = -0.004630 f16 = +0.003629 f2u = +0.001889

2. Two-Dimensional Plane Square Lattice

a. T < Tc = 2.2621852 |J]
k

From Eq. (6.7), Ref. 15:

x(T) = Nm® {ﬁy” + 1698 + 32929 + 156912 + 608y l”

kT

oo

+ 0.084 § (y/y,)
n= n(n + 1)

2n+2

where: y = exp (-2 |J|/kT)

y 0.4142136

¢

b. T > T = 2.2621852 |J|
K

Eq. (5.18), Ref. 15, should be corrected to read:

2 2,-1 L6 n ® (-t)"
x(T) = Nm© ) (1-2v-v°) " exp | ] d t= -2.022 GTIN)
kT {: n=1 " nZl7 n{n+l

where: v = tanh (J/kT)
t = v/IVCI
v = -0.4142136
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and the d_ are given by:

n
dl = +0.20711 d9 = +0.02203
d2 = -0.21447 le = -0.01788
d3 = +0.08291 dll = +0.01484
du = -0.08463 d12 = -0.01268
d5 = +0.04999 d13 = +0.01095
d6 = -0.04251 dlu = -0.00959
d7 = +0.03571 d15 = +0.00840
d8 = -0.02811 dl6 = -0.00743

3. Three-Dimensional Simple Cubic Lattice

a. T <« Tc = 4.51032 |J
k

From Eqs. (4.3) and (4.4), Ref. 16:

(1) = Nm@ 3 uy®  _8yl? 4+ 37.72uy1% /(1 + 3.23y2) + 22.28y1"
kT
-22 15y16 + 22~H3y18 + 23.23y20 + 93.92y22 —lu,6ﬂy2u
+ 98.00y26 + 295.88y28 + 0.329 @ <y/y,,)2n
n=15 n(n+l)
where: y = exp (-2|J]|/kT)
Vo = 0.64183
b. T > Tc = 4,51032 |J
k
Eq. (3.9), Ref. 16, must be corrected to read:
2 -5 L n
x(T) = Nm (L +t) * exp |- £t -Rll(t)
kT n=1
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where: v = tanh (J/kT)
t = v/vc
v = =0.21815

c

Eq. (3.7) must be corrected to read:

11
R..(t) = 0.338 |1 + (1-t) 1n(1l-t) - th
11 [ t nzl nfn+15]

and the f_ are glven by:

n
fl = 0.058901 f7 = 0.0059701
f2 = 0.053926 f8 = 0.0046536
f3 = 0.019362 f9 = 0.0037844
fu = 0.013552 f10= 0.0030197
f5 = 0.011461 fll= 0.0026244

f6 = 0.0078652

4, Three-Dimensional Body-Centered Cubic Lattice

a. T < T, =6.35080 [J]

K

From Eq. (4.7), Ref. 16:

x(T) = Nm° (}ya _8y10 4 112520 _256y22 4+ gyt 4 Rzu(y;}
KT

Eq. (4.8) must be corrected to read:

-

R,y (y) = 1.22 ) (y/yc)2n

n=13 n(n+l)
where: y = éxp (=2 |J|/kT)
y, = 0.72985

c



b. T >T
c

Eq. (3.9), Ref.

x(T) =

Eq. (3.7), Ref.
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= 6.35080 |J|
k

It ~2\O

2 S
Nm© (1+t)" exp -
kT n

R9(t) = 0.30 1 + (1-t) 1n(1l-t) -

where:

and the f
n

t

t = V/vC

<
i

tanh (J/kT)

-0.15617

<
[}

are given by:

-0.000625
+0.039648
+0.020097
+0.012693
+0.008782

16 must be corrected to read:

n
. £t -R9(t):|

16 must be corrected to read:

9

1ot
n=1 n(n+1)

f6 = +0.006726
f7 = 4+0.005124
f8 = +0.003954
f9 = +0.003400
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Table 3.--Parallel susceptibility for honeycomb, plane square,
simple cubic, and body-centered cubic lattices as computed
from the Ising model series expansions.

T/T, X/ X
Body-
Plane Simple centered
Honeycomb Square Cubic Cubic
.00 .000 .000 .000 .000
.05 .000 .000 .000 .000
.10 .000 .000 .000 .000
.15 .000 .000 .000 .000
.20 .000 .000 .000 .000
.25 .000 .000 .001 .002
.30 .000 .001 .005 .008 '
.35 .001 .003 .017 .023
.ho .004 .009 .038 .050
.45 .011 .022 .071 .088
.50 .025 .043 .116 .139
.55 .0L6 .076 .170 .200
.60 .079 .119 .232 .268
.65 .123 174 .304 .340
.70 .182 .240 .382 413
.75 . 255 .321 .463 . 489
. 80 . 343 .410 .551 .564
.85 . 450 .516 .643 .6L2
.90 .581 .636 .T40 .723
.95 LTH1 .782 .850 .819
1.00 1.000 .1000 1.000 1.000
1.05 1.256 1.201 1.024 1.017
1.10 1.382 1.314 1.028 1.015
1.15 1.485 1.390 1.025 1.009
1.20 1.556 1.441 1.019 1.000



Table 3.--Continued.
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T/’I'c X/Xc
Body-
Plane Simple centered

Honeycomb Square Cubic Cubic

1.3 1.643 1.507 1.001 976
1.4 1.697 1.539 .980 .950
1.5 1.726 1.550 <956 .926
1.6 1.740 1.550 .932 .898
1.7 1.742 1.540 .908 .873
1.8 1.738 1.526 . 886 . 848
1.9 1.728 1.509 .863 .826
2.0 1.716 1.488 842 .802
2.1 1.698 1.467 . 819 .781
2.2 1.681 1.444 - 799 761
2.3 1.660 1.420 . 781 . 740
2.4 1.640 1.397 .761 721
2.5 1.619 1.373 LTl . 704
2.6 1.596 1.350 .726 . 687
2.7 1.575 1.327 . 710 .669
2.8 1.552 1.303 .693 L6514
2.9 1.531 1.282 .679 .638
3.0 1.507 1.260 .664 .625
3.1 1.486 1.238 .649 .611
3.2 1.463 1.217 .636 599
3.3 1.443 1.196 .623 .585
3.4 1.423 1.176 .611 .573
3.5 1.400 1.156 .599 .563
3.6 1.382 1.137 .587 .551
3.7 1.362 1.118 576 .540
3.8 1.341 1.101 .564 .530
3.9 1.323 1.084 .555 .520
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Table 3.--Contlnued
T/T, X/ X,
Body-
Plane Simple Centered

Honeycomb Square Cubic Cubic

.o 1.304 1.068 .54l .510
4,2 1.267 1.035 .526 492
4.4 1.233 1.004 .507 . 475
4.6 1.201 .975 2491 . 460
4.8 1.169 .9Uu6 475 by
5.0 1.138 .919 .461 . 430
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Table 4 --Magnetlc susceptibility data for Co(tu), Cl2 along
the [001] axis in units of cc/mole.

T°K T°K

X001 X001

0..459 .0630 1.212 .566
. 478 .0661 1.318 574
512 L0676 1.393 577
.547 .0718 1.495 .579
.581 .0850 1.604 .579
.613 .101 1.732 .575
.638 .115 1.814 .571
.666 .135 1.899 567
.700 .162 1.999 .562
.T727 .185 2.120 .555
. 750 .208 2.220 547
776 .236 2.290 .54y
. 800 ,263 2.410 .532
.830 .296 2.470 .530
.843 .331 2.602 .519
.861 .354 2.786 .505
.875 .376 3.000 . 487
. 895 Ju12 3.194 472
.915 .432 3.406 453
.942 . 495 3.595 RIS
.979 Lu21 3.7686 . 436
1.050 .543 3.998 Lu2s
1.120 .555 b.194 .418
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Table 5.--Magnetic susceptibility data for Co(tu) 012 along
the [110] axis in units of cc/mole.

e — e — — —

T°K

X110 T°K X110

. 455 222 1.694 <377
.500 224 1.814 .369
.549 .225 1.938 .360
:595 .229 2.083 .348
653 .236 2.107 .348
. 700 .2h5 2.195 342
. 750 .257 2.326 .333
. 800 .272 2.470 .322
. 842 .292 2.602 .314
. 888 .317 2.782 .30k
.919 .338 3.004 .292
.955 .366 3.221 .283
1.007 .381 3.411 .275
1.194 .394 3.608 .270
1.292 .391 3.802 L2614
1.391 .388 4.012 .257
1.560 .382 4.2 .251
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Table 6.--Magnetic susceptibility data for Co)tu)uCl2 along
the [100] axis in units of cc/mole.

T°K

X100 T°K X100

0.450 .266 1.571 423
515 267 1.810 411
613 274 2.001 .398
.700 . 289 2.197 .384
. 750 .302 2.398 .371
.800 .318 2.602 .359
.851 347 2.800 .348
. 880 .361 3.000 .337
911 . 386 3.200 .328
.939 404 3.396 .319
.970 414 3.608 .310
1.000 42k 3.802 .303
1.085 432 4.006 295
1.201 433 4.2 .288

1.404 . 430
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Table 7.--Magnetic susceptibillty data for powdered Co(tu)uCl2
iIn units of cc/mole.

T°K Xp T°K Xp
0.452 172 1.812 . 439
.555 .180 2.000 .428
.643 202 2.200 414
. 720 .228 2.420 . 399
. 800 271 2.602 .388
. 855 . 320 2.800 .376
.904 . 366 3.000 . 365
.951 . 420 3.193 - 355
1.007 . 435 3.398 . 346
1.090 2448 3.610 337
1.170 451 3.804 . 329
1.318 . 455 4.017 321
1.401 . 454 4,185 .314
1.592 . 449
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Table 8.--Magnetic susceptibility data for Mn(tu) Cl2 along
(001] axis 1n units of cc/mole.

T°K T°K

X001 X001
JL22 1.36 1.506 1.14
472 1.39 1.658 1.09
.513 1.41 1.685 1.08
.543 1.43 1.810 1.03
573 1.46 1.893 1.008
.621 1.49 2.003 .971
672 1.48 2.095 L9ly
.722 1.47 2.290 .885
770 1.46 2.493 .831
.832 1.044 2.694 .783
. 880 1.42 2.900 .T37
.938 1.39 3.162 .684
1.014 1.35 3.396 L6U2
1.107 1.31 3.608 606
1.182 1.27 3.806 577
1.327 1.21 4.009 .550
1.352 1.20 4 2 .528
1.480 1.16
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Table 9.--Magnetic susceptibility data for Mn(tu)4012 along
the [100] axis 1n units of cc/mole.

T°K X100 T°K X100
e 1.904 1.663 1.688
498 1.998 1.715 1.65U4
.532 2.043 1.770 1.634
.558 2.126 1.858 1.590
.583 2.217 1.873 1.568
625 2.258 1.986 1.532
670 2,262 2.012 1.511
.720 2.257 2.090 1.473
.770 2. 20Uy 2.090 1.464
. 837 2.213 2.216 1.414
911 2.163 2.309 1.379
961 2.110 2.371 1.355
1.050 2,042 2.529 1.300
1.072 2.032 2.789 1.220
1.226 1.941 2.989 1.167
1.347 1.861 3.299 1.090
1.453 1.798 3.510 1.045
1.458 1.800 3.665 1.015
1.556 1.744 4.016 951
1.605 1.714 4.2 922
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Table 10.--Magnetic susceptibility data for Mn(tu)uCl2 along
the [110] axls in units of cc/mole.

T°K X110 T°K X110
433 1.73 1.208 1.85
472 1.82 1.383 1.75
512 1.91 1.395 1.74
.519 1.94 1.515 1.67
.533 1.95 1.596 1.63
.552 1.99 1.701 1.56
.560 2.04 1.794 1.53
.565 2.06 1.855 1.48
.581 2.13 2.007 1.43
.606 2.17 2.125 1.38
637 2.18 2.375 1.27
. 656 2.18 2.650 1.18
.703 2.17 2.891 1.11
.T46 2.16 3.143 1.04
777 2.14 3. 414 .982
.851 2.11 3. 444 .980
.926 2.05 3.633 937
1.012 200 3.904 . 880
1.105 1.93 4. 20 835
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Table 11l.--Magnetic susceptibility of Ni(tu)6Br2 along the
b axis in units of cc/mole.

I 4

TOK 10 'x, T°K 10 'xy,
1.191 910 2.264 857
1.398 904 2.327 859
1.508 897 2.401 863
1.596 893 2.497 867
1.700 885 2.590 872
1.802 881 2.809 885
1.875 877 2.992 896
1.909 875 3.196 907
1.955 873 3.393 916
1.993 870 3.575 923
2.047 866 3.769 932
2.094 864 4.007 940
2.139 863 4.188 943
2.178 857
2.220 858
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Table 12.--Magnetic susceptibility of Ni(tu) Br2 along the

a' axis in units of cc/mole. X'a' = 0.98 Xy

T°K 1ouxa, 1o”x'a. T°K 1o”xa. 1OMX'a.
1.216 U2 727 2.278 775 760
1.404 741 726 2.327 778 763
1.504 741 726 2.405 781 765
1.635 743 728 2.590 787 771
1.750 L 729 2.780 791 776
1.837 746 731 2.996 795 779
1.913 748 733 3.190 798 782
1.977 752 737 3.385 799 783
2.036 756 741 3.585 800 784
2.085 759 T44 3.791 799 783
2.137 762 T47 3.994 798 782
2.181 767 752 4.200 795 779
2.222 771 755




106

Table 13.--Magnetic susceptibility of Ni(tu) Br'2 along the

¢ axis in units of cec/mole. Xg = 0.98
T°K lOuxC lOuxE T°K 10“)(c lOuxE
1.20 376 370 2.226 667 654
1.306 387 379 2.255 687 673
1.427 4o2 394 2.294 700 686
1.548 422 413 2.332 712 697
1.638 437 428 2.375 725 710
1.726 458 448 2.477 751 736
1.801 Ly b6y 2.602 776 760
1.919 507 Lg7 2.985 831 814
1.966 523 512 3.184 851 834
2.009 551 540 3.398 866 849
2.061 576 565 3.597 879 861
2.102 593 582 3.802 889 871
2.149 613 601 3.988 894 876
2.185 649 636 4.195 900 882
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Table 14.--Magneticec susceptibility of Ni(tu) Br2 along

direction f in units of cc/mole. xh = 1.02x,.

T°K 1o”xf 1o“x% T°K 1o“xf 10”xé
1.299 633 646 2.205 721 736
1.382 637 650 2.254 731 746
1.479 641 654 2.326 737 751
1.582 647 660 2.405 743 758
1.682 654 667 2.503 750 765
1.787 663 676 2.602 755 770
1.831 670 683 2.805 766 781
1.884 672 686 3.003 775 791
1.933 676 690 3.178 781 797
1.983 683 696 3.393 787 802
2.026 691 705 3.590 791 806
2.071 698 712 3.795 796 812
2.114 704 718 3.965 802 818
2.158 709 724 4.191 806 825
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Table 15.--Magnetic susceptibility of Ni(tu)6Br2 aleng the
a axls 1n units of cc/mole. '

Xy = 1.02 Xge

T°K 10“)(a 10“x; T°K 1o“xa 1o”x;
1.235 401 409 2.230 651 665
1.296 406 414 2.280 672 685
1.417 418 427 2.313 684 697
1.510 430 438 2.400 706 720
1.606 hyy 453 2.494 726 T41
1.700 461 470 2.601 744 759
1.811 483 493 2.700 760 775
1.854 492 502 2.802 773 788
1.911 505 516 3.000 795 811
1.950 518 529 3.200 815 831
1.994 532 543 3. 400 830 847
2.041 560 571 3.604 841 857
2.080 574 585 3.804 850 866
2.115 589 600 4.000 856 873
2.161 606 618 4.20 859 876
2.196 633 646




Table 1€.--Magnetic susceptibility of powdered Ni(tu)6Br
in units of cc/mole.

109

2

b it
T°K 10 Xp T°K 10 Xp
1.257 700 2.232 762
1.387 701 2.290 771
1.507 701 2.325 774
1.625 704 2.394 783
1.735 708 2.607 800
1.823 711 2.793 813
1.898 715 2.993 821
1.958 721 3.190 829
2.015 729 3.395 835
2.061 735 3.591 839
2.106 741 3.797 843
2.150 747 3.987 84l
2.190 757 4.200 8Ly
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