


)
Mo

(Jbolks

g

<
’

" TRANSITION METAL
CHEMISTRY

A Series of Advances

EDITED BY
RICHARD L. CARLIN

DEPARTMENT OF CHEMISTRY
UNIVERSITY OF ILLINOIS AT CHICAGO CIRCLE
CHICAGO, ILLINOIS

E7963122
{;0’7 *’:\ | : !‘ ’:\‘\3\3
[* 4 &
\ oLy
1972

MARCEL DEKKER, INC., New York



COPYRIGHT © 1972 by MARCEL DEKKER, INC.
ALL RIGHTS RESERVED

No part of this work may be reproduced or utilized in any form
or by any means, electronic or mechanical, including photocopy-
ing, microfilm, and recording, or by any information stozage and
retrieval system, without permission in writing from the i)uf:]isher.

MARCEL DEKKER, INC.
95 Madison Avenue, New York, New York 10016

LIBRARY OF CONGRESS CATALOG CARD NUMBER 65-27431

ISBN 0-8247-1082-7

PRINTED IN THE UNITED STATES OF AMERICA



TRANSITION METAL

CHEMISTRY

Volume 7




Co“ﬁfrjbutors to Volume 7

S. L. Holt, Chemistry Department, University of Wyoming, Laramie, Wyoming

S. Mitra,* Department of Inorganic Chemistry, University of Melbourne,
Australia .

John E. Rives, Department of Physics and Astronomy, University of Georgia,
Athens, Georgia

C. Rosenblum, Chemistry Department, University of Wyoming, Laramie,
Wyoming

*Present address: Tata Institute of Fundamental Research, Colaba, Bombay-5,
India.




CONTENTS OF OTHER VOLUMES

VOLUME 1 7.7

Electronic Structure and Stereochemistry of Cobalt(II), RICHARD L.
CARLIN _

Aqueous Chemistry of Chromium(I11), JOSEPH E. EARLEY and
RODERI CK D, CANNON

Hydride Complexes of the Transition Metals, ALVIN P. GINSBERG

Electronic Structures of Square Planar Metal Complexes, HARRY B.
GRAY

VOLUME 2

Reactions of Ligands Coordinated with Transition Metals, JAMES P.
COLLMAN

Transition Metals Ions as Reagents in Metallo-enzymes, A. E, DENNARD
and R. J. P. WILLIAMS

Optical Activity in Inorganic and Organic Compounds, ANDREW D.
LIEHR

VOLUME 3

Electronic Structures of Some Organometallic Molecules, DAVID A.
BROWN

Equilibria of Complexes in Nonaqueous Solvents, LEONARD I. KATZIN

Electron Spin Resonance of Transition-Metal Complexes, BRUCE R.
McGARVEY

Fluorescent Lifetimes of Trivalent Rare Earths, GEORGE E.
PETERSON

Conformations of Coordinated Chelates, ALAN M. SARGESON

VOLUME 4
The Spectra of Re4+ in Cubic Crystal Fields, PAUL B. DORAIN
Paramagnetic Relaxation in Solutions, W. BURTON LEWIS, and L. O.

MORGAN
The Nature of the Transition Between High-Spin and Low-Spin Octahedral

ix



X CONTENTS OF OTHER VOLUMES

Electronic Structure and Stereochemistry of Nickel(II), LUIGI SACCONI
Coordination Compounds of Unsaturated 1,2-Dithiols and 1, 2-Dithioke -
tones, G. N. SCHRAUZER

VOLUME 5

The Spectra of Chromium(III) Complexes, LESLIE S. FORSTER

Copper Complexes, WILLIAM E. HATFIELD and ROBIN WHYMAN

Metal—Metal Exchange Interactions, GERLAD F. KOKOSZKA and
GILBERT GORDON

VOLUME 6

Theory of Bridge Bonding and the Structure of Binuclear Coordination
Compounds, BOGUSLAWA JEZOWSKA-TRZEBI ATOWSKA and
WALTER WOJCIECHOWSKI

Amine Complexes of Chromium(Ill), CLIFFORD S. GARNER and D. A.
HOTUSE



19631<%

CONTENTS OF VOLUME 7

CONTRIBUTORS TO VOLUME 7
CONTENTS OF OTHER VOLUMES
MAGNETIC PHASE TRANSITIONS AT LOW TEMPERATURES . . . .

John E. Rives

PART 1. INTRODUCTION . . . . . ¢ v v v v v o e e v e o v v oo o s
I. SCOPE + « v v v v o e e e e e e e e e e e e e e e e e e e
1I. Some General Properties of Magnetic Phase Transitions at
Low Temperatures . . . . . . . . . o v 0o vt
REFERENCES . . . . . . o v v ot e v v vt e e o o e o e a e a0 e e
PART 2. SPIN"ORDERING IN ZERO MAGNETIC FIELD . . . . . . .
I. Critical Point Theories . . . . . . . .« « ¢ ¢« o o oo o
II. Experimental Results . .. . . . . . . . ... ...
REFERENCES . . . . ¢ v v v e e e e et et e e e e e e e e e e e e
PART 3. ANTIFERROMAGNETISM IN EXTERNAL FIELDS . . . . .
I. Magnetization and Susceptibility . . . . . .. .. .. ... ..
II. Magnetic Phase Boundaries. . . . . . . . . . . . . ... ..
III. Experimentally Determined Phase Boundaries. . . . . . . . .
REFERENCES . . .« v v v v v v o ot et e e e e e e e e e e e e e s
PART 4. EXPERIMENTAL TECHNIQUES. . . . . . .. wo e wm B BB
1. High Resolution Specific Heat Measurements . . . . .. ...
1I. Differential Susceptibility . . . . . . . . . . ... .. ... ..
REFERENCES . . . . o ot ot e e e it e e e e e e e e o e e e e e e e e

ix



viii CONTENTS OF VOLUME 7

PART 5. PARTIAL LIST OF LOW TEMPERAT URE ANTI-
FERROMAGNETIC AND FERROMAGNETIC

COMPOUNDS AND THEIR PROPERTIES . . . . .. .. ... 68
I. Antiferromagnetic Compounds . . . . . . .. ... ..... 68
II. Ferromagnetic Compounds . .. . . ... ... ....... 69
REFERENCES . . . . . . . . o . et i et i e e i es i 71
PREPARATION AND PROPERTIES OF HIGH VALENT FIRST-ROW
TRANSITION METAL OXIDES AND HALIDES . . . ... .. 87
C. Rosenblum and S. L. Holt
1. Introduction . . . .. ... ..., ..., 88
II. Chromium . . . ... ... ......... ........ 88
I11. Manganese . . o o . o v a6 v 4 o 6 6 v 5 6 o o 0 4 u oo o 118
L & 148
V.o Cobalt. . . ... .. . it it e e, . 156
VI. Nickel.. .. .... c r M BE e EE B EEE B RwE A e 159
VII. Copper . ... ... 58 W RE E BE G EE 6 o mee e momoe 168
REFERENCES . .. .. .. e, 170
MAGNETIC ANISOTROPY . . . . . v vt i vt e ee 183
S. Mitra
I. Introduction . . . . . @8 8 % 8 & G F B 184
II. Experimental Details . . . .. .. .. ... ... ..... 186
III. Survey of Experimental Results . . .. . . . 3 TR 221
Iv. Acknowledgments . . . .. . ..... ... .. R 320
REFERENCES . . . . . .. .. .. ... . ... ... 324
AUTHORINDEX . . . . . .. . . v i ti i it v, *7 . 339

SUBJECT INDEX . . . . . .. .. o v itiin v 361



Chapter 1

MAGNETIC PHASE TRANSITIONS
AT LOW TEMPERATURES

- John E. Rives
Department of Physics and Astronomy
University of Georgia
Athens, Georgia

PART 1. INTRODUCTION .

I. Scope .

II. Some General Properties of Magnetic Phase Transitions

at Low Temperatures
A. Specific Heat and Entropy .
B. Susceptibility and Magnetization .

C. Field-Induced Phase Transitions .
REFERENCES .
PART 2. SPIN ORDERING IN ZERO MAGNETIC FIELD
I. Critical Point Theories .

II. Experimental Results
A. Analysis of Experimental Data
B. Susceptibility and Magnetization Data
C. Specific Heat Data .

REFERENCES .
PART 3. ANTIFERROMAGNETISM IN EXTERNAL FIELDS

I. Magnetization and Susceptibility .
A. Molecular Field Theory
B. Spin Wave Theory

0 D b

10

11

11

15
15
17
19

21

22

23
23
32



II. Magnetic Phase Boundaries .
A. Molecular Field Theory
B. Spin Wave Theory . .

III1. Experimentally Determined Phase Boundaries
CoC12-6H20 .
CoBrz-GHZO
MnC12-4H20
MnBr2-4H20

CuC12-2H20

A

B

C

D

E

F. FeC12-4H20
G
H
1.
J
K.

Man

BaMnF4
GdA103
FeCl2

Dy3A15O12 (DAG) . . .
REFERENCES

PART 4. EXPERIMENTAL TECHNIQUES

T. High Resolution Specific Heat Measurements
II. Differential Susceptibility . . . . .=
REFERENCES

JOHN E. RIVES

33
33
35

39
41
43
44
45
46
an
47
48
48
49
49

50

53

53

63

67

PART 5. PARTIAL LIST OF LOW TEMPERATURE ANTE-

FERROMAGNETIC AND FERROMAGNETIC
COMPOUNDS AND THEIR PROPERTIES

I. Antiferromagnetic Compounds
II. Ferromagnetic Compounds

REFERENCES

68

68

69

7
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PART 1
INTRODUCTION

1. SCOPE

A number of reviews of various aspects of magnetic phase transitions
have been published in the past few years. Most of these papers either
cover special topics, or attempt to give a concise review of the entire

Recently, however, there has been renewed interest in the behavior of
insulating magnetic compounds which order at relatively low temperatures.
In particular, the behavior of antiferromagnetic compounds in magnetic
fields can be studied in detail if the compound orders at reasonably low
temperatures. Presently available laboratory magnets can produce mag-
netic potential energies comparable to, or greater than, the internal
exchange and anisotropy energies in such compounds.

Molecular field and spin wave theories present a rather complete descrip-
tion of the behavior of antiferromagnetic compounds in external fields.
Depending on the nature, and magnitude, of the various internal interactions,
a number of field induced phases are predicted which may be experimentally
investigated at low temperatures.

The present discussion is limited to magnetic insulators which order in,
or near, liquid helium temperatures. The main aim is to review the area
of field induced phase transitions. The best known systems which order
at low temperatures are the iron group transition metal halides, a number
of double salts containing transition elements, and certain rare earth com-
pounds. Because of the diversity of crystal and magnetic structure of such
compounds, they offer an interesting group to study.

In Part 2 a short review of static critical point phenomena will be pre-
sented with results for both ferromagnetic, as well as antiferromagnetic
compounds cited for completeness. Several excellent reviews on the topic
have been published in recent months, and the reader will be referred to
these works for a complete survey of the current situation in this very
fascinating area of research.

Part 3 contains the discussion of the behavior of antiferromagnetic com-
pounds in magnetic fields. In Part 5 a list of a number of common magnetic
insulators is given, together with a list of some of the more important mag-
netic parameters which have been determined for these substances.
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II. SOME GENERAL PROPERTIES OF MAGNETIC
PHASE TRANSITIONS AT LOW TEMPERATURES

A. Specific Heat and Entropy

In recent years a large number of insulating magnetic compounds have
been discovered which order at low temperatures. Both ferromagnetic
and antiferromagnetic order is observed, and in some cases a more com-
plicated situation exists where antiferromagnetic order is followed at lower
temperatures by ferromagnetic order. In zero applied magnetic field, the
transition from the paramagnetic to the ordered state is characterized by
a somewhat anomalous behavior of some of the thermodynamic properties
of the material. The specific heat, for instance, usually shows a A-type
behavior at the transition temperature. An example shown in Fig. 1 is that
of antiferromagnetic NiCly-6H9O reported by Robinson and Friedberg [1].
The data given is the total specific heat which is the sum of the magnetic
and the lattice contributions. When the lattice contribution is subtracted
it is found that a sizable magnetic contribution still persists above the
transition temperature. This has been interpreted as evidence that short
range order persists even in the paramagnetic state. Further evidence of
this interpretation can be obtained if one calculates the entropy of magnetic
order. The relationship between the magnetic contribution to the specific

T T T T T T T T

NiCIZ 2 6H20

Cal/deg-mole

Cp,

L 1 s

1
6 8 10 12 14 16 18 20 22

Temperature, °K

FIG. 1. Molar specific heat of NiClg-6H9O as a function of temperature.
(Reprinted from Ref. 1, p. 404, by courtesy of Am. Phys. Soc.)
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heat, Cpy, and the entropy of magnetic order, Sy, follows from the thermo-
dynamic relation

cM = T(asM/aT) (1)

By integrating this we have

T
Syr = / (CM/T) dT (2)
0

From statistical mechanics we have

SM =k logeW

M (3)
where k is the Boltzmann constant and Wy is the number of ways of achiev-
ing the same total energy for the macroscopic magnetic system by different
microscopic arrangements of the elementary moments. In the perfectly
disordered state there are 2S+1 quantum states of different orientation

open to each ion, where S is the total spin quantum number for the ion.

In the perfectly ordered state there is only one such state. Hence the
difference in entropy between the perfectly ordered and the completely
disordered states is, per mole

= + -
ASM Nk Ioge (2S+1) - Nk loge 1 .

1

Nk 1og;e (2S+1)

where N is Avogadro's number. Figure 2 shows the result of such a calcu-
lation for NiCly-6H9O by Robinson and Friedberg [1]. It is evident from
this curve that some short range order persists well above the transition
temperature.

Modern microscopic theories indeed predict such a short range order,
whereas earlier molecular field models predicted a zero magnetic contri-
bution to the entropy above the ordering temperature.

Although most magnetic transitions exhibit a A-type anomoly in the
specific heat where the asymptotic limit of the specific heat is singular on
one or both sides of the transition, GdCl3[2,3] appears to be an exception.
The early work of Leask, Wolf and Wyatt [2] indicated that the specific
heat was finite but had a simple discontinuity. More recent high resolution
measurements of Landau [3] shown in Fig. 3 verify that the specific heat is
finite on both sides of the transition, but that the derivatives are infinite.
The asymptotic form for the specific heat is not singular, hence the
transition appears to be of the type 2b, or diffuse, second order transition.
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FIG. 2. Magnetic entropy as a function of temperature for NiCly-6H90O.
(Reprinted from Ref. 1, p. 407, by courtesy of Am. Phys. Soc.)

B. Susceptibility and Magnetization

At temperatures well above the ordering temperature the magnetic sus-
ceptibility ¥ = dM/dH, in the limit of zero external field, usually follows
a Curie-Weiss behavior. Thus, well into the paramagnetic region one has
X = C/(T+6), where C is the Curie constant for the material and 6 is a
constant related to the energy of interaction between the spins. The minus
and plus signs indicate ferromagnetic and antiferromagnetic order, respec-
tively. In Fig. 4 the Curie-Weiss behavior is shown for, (a) the antiferro-
magnetic case, (b) the ferromagnetic case, and (c) the ideal noninteracting
paramagnetic case. '

Below the ordering temperature there exists a spontaneous magnetization.
In the ferromagnetic case this magnetization is a maximpum at T=0 and
drops to zero at the ordering temperature. From molecular field theory
one obtains

M, = M_ B (uM_/KT) : (5)

where By (uMg/KT) is the Brilluoin function of uMg/kT, i.e., =

2J+1 2J+1 1 1
B (x) = &= SO e e
I( ) 57 coth 57 X = 33 coth 27 X (6)

The measured spontaneous magnetization of a number of ferromagnetic
materials has a temperature dependence which closely resembles Eq. (5)
(See, for instance, Ref. 3).
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FIG. 3. Specific heat of GdClg vs. T/T.. Experimental results . . . 3
asymptotic unrounded critical behavior ---, rounded result from Gaussian

distribution with half-width T’ = 1.5 mK (Reprinted from Ref. 3, p. 916, by
courtesy of La Societé Francaise de Physique.)

In the antiferromagnetic case the situation is complicated by the anti-
parallel alignment. However, in most cases one can view this case in
terms of several interpenetrating sublattices. Within each sublattice there
exists a spontaneous magnetization, which according to molecular field
theory, should follow Eq. 5. In the case of a simple two sublattice model
the spontaneous magnetization of one sublattice is aligned antiparallel to
that of the other sublattice. Anisotropy effects lead to a preferred direction
for the alignment.

If the susceptibility of a single crystal is measured along this preferred
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(o}

FIG. 4. Inverse magnetic susceptibility against temperature for para-
magnetic (P), ferromagnetic (F), and antiferromagnetic (AF) materials
according to the Curie-Weiss theory.

direction, one finds, as the temperature is reduced through the ordering
temperature, that the susceptibility goes through a maximum (near Te)

and then decreases to zero as T approaches zero. In a direction perpendic-
ular to the preferred direction the susceptibility remains almost indepen-
dent of temperature below ordering temperature.

C. Field Induced Phase 'f‘ransitions

In the case of a simple two sublattice antiferromagnet with anisotropy
Fig. 5 shows a typical H-T phase diagram with the field.along the preferred
direction. At zero field Ty separates the paramagnetfc.state from the
ordinary antiferromagnetic state. As the field is increased from zero a
second order phase boundary, CD, results. At temperatures below T; at
a critical field H¢) there is a first order transition to the spin flop state.
As the field is increased still further there is a second order trangition
to the paramagnetic state. &

It is possible to give a simple argument to determine which state is stable
at a given temperature and field by considering the free energy of the
system. For a field parallel to the preferred direction the magnetic
potential energy is given by ‘

E = - (1/2)xH 2 (7



