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ABSTRACT

Previous work on the mixed magnetic system (CH3)3NHCo1-XNixCl3^ H 2O 
indicated a temperatur e versus composition phase diagram with a possible multicritical 
point and with low temperature regions where the system exhibits relaxation phenomena 
on a macroscopic time scale. A  debate developed about the low temperature phase with an 
anisotropic spin glass model competing against a model involving domain wall dynamics, 
hr order to resolve questions about the nature o f the low temperature regions and the 
conjectured multicritical point, a more complete and detailed phase diagram was needed. 
An extensive set o f high quality crystals was grown and magnetization and magnetic 
susceptibility measurements were performed with better temperature control. The range of 
measured compositions was extended and the phase diagram near the possible multicritical 
point was mapped out in more detail, resulting in the discovery o f a previously unresolved 
phase transition curve. The newly discovered phase transition curve is attributed to spin 
reorientation. The qualitative shape o f the phase transition lines is explained in terms o f the 
crossing offi.ee energy curves and a Landau theory having an order parameter with two 
components is proposed.
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CHAPTER I 

INTRODUCTION 

Motivation

The temperature versus composition phase diagram of the quasi one-dimensional 

canted antiferromagnet (CH3)3NHCo1-XNixCl3 ^H2O exhibits a number o f interesting 

features including a possible multicritical point, a transition due to spin reorientation, 

metamagnetic domain formation and transition temperatures for material compositions 

near x =  0.5 which are higher than those o f the end members at x = O and x  = I . Prior to 

this work the multicritical point had not been experimentally studied in any great detail and 

the transition due to spin reorientation had not been seen before. This mixed compound 

presents the opportunity to study spin reorientation in a system for which some of the 

governing parameters can be varied by changing the Ni / Co ratio. Relaxation phenomena 

vary considerably with composition in this material and the debate over the nature of these 

phenomena has recently received an infusion of new information from neutron scattering 

[1] and NMR [2] experiments. For O < x < I the system is assumed to be site disordered 

and it is unusual for magnetic transition temperatures to increase with increasing disorder.
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This mixed magnetic system presents a variety o f phenomena at easily accessible 

temperatures.

Nomenclature

A  number o f abbreviations are used to refer to (CH3)3NHCoi-XNixCl3^H 2O. The 

organic salt trimethylammonium chloride which has the formula (CH3)3NHCl is 

abbreviated as TAC. In some o f the earliest literature the abbreviation TMA was used. 

The mixed composition family is usually referred to as CoNiTAC with the end members 

being called CoTAC and NiTAC. To refer to a specific intermediate composition, one can 

write Coi.xNixTAC.

Properties Common to CoTAC and NiTAC

As with any mixed system, it is important to understand as much as possible about 

the pure materials. This is particularly true o f CoNiTAC because a number of experiments 

have indicated that many o f its properties, for example the canting angle, can be computed 

to good approximation as the compositional average o f the corresponding properties of 

the two pure systems CoTAC and NiTAC.

CoTAC and NiTAC are structurally isomorphous and have similar magnetic 

behavior. Both are orthorhombic and belong to the space group Pnma with magnetic 

space group Pnm V  at zero field [I]; however, for CoTAC at least, the groups Pn’m’a and 

Pnm V  are estimated to be separated by an energy on the order o f only IO3 K and for
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applied fields greater than 64 Oe for CoTAC, the group Pn’m’a is thought to be relevant 

for parts o f the crystal [3], The three-dimensional ordering is antiferromagnetic for both 

CoTAC and NiTAC but these are quasi-one-dimensional materials with chains of 

bichloride bridged metal ions having strong ferromagnetic coupling along the chains. 

Figure I shows the unit cell (not all spins are shown, not all Cl" ions are shown and the 

(CH3)3NH+ groups are not shown). The metal ions are octahedrally coordinated with four 

chloride ions and two water molecules. Figure 2 emphasizes the spins. There are two 

kinds o f magnetically inequivalent chains [4], The chains run in the crystallographic b 

direction and be planes o f chains are separated in the a direction by (CH3)3NH+ groups. 

Referring again to Fig. 2 we see that the spins point nearly in the c direction with canting 

towards the a direction and there are two antiferromagnetic sublattices. The c components 

o f the spins o f the two sublattices cancel, resulting in the antiferromagnetic behavior in the 

c direction but the relatively smaller a components combine to give weak ferromagnetism 

along the a axis. The hard axis is in the b direction and although strictly speaking the easy 

axis is different for the two sublattices, the c axis is referred to as the easy axis. It is 

important to relate this to crystal morphology. The crystals are elongated in the b 

direction and the vast majority have wedge shaped ends. The edge o f each of the two end 

wedges lies along the a direction. The following gives some further quantitative 

comparisons which are summarized in Table I.
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b

c

» ® ®  o

H O Cl M = Co, Ni

FIG. I. Coordination of metal ions in MTAC, 
M = Co, Ni. Not all atoms of the crystal structure 
are shown and not all spins are shown. After [6],
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FIG. 2. Spin arrangement of MTAC, M = Co, Ni at I  = 0 K 
and zero applied magnetic field. After [3],



CoTAC NiTAC

T=(K) 4.14 3.67

spin 3/2 I

lattice a (A) 16.671(3) 16.677(5)
constants b(A) 7.273(1) 7.169(2)

c(A) 8.113(2) 8.103(2)

exchange JbZk(K) 13.8 14
coupling ZcJcZk (K) 0.28 0.13
constants ZaJaZk (K) -0.032 -0.024

g ga . 3.1
gb 3.8
go 7.5 2.25

canting angle 10° 2 1 °

Table I . Parameter values for CoTAC and 
NiTAC. The values of the exchange constants and 
g values should be considered as estimates only.
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Specific Properties o f CoTAC

CoTAC is a spin 3/2 system. A  3d7 ion such as Co(II) has the spectroscopic 

symbol F9/2 and this F-state is split by an octahedral field to give a ground state having 

3-fold orbital degeneracy. For CoTAC the orbital angular momentum is effectively
\

quenched and the spin degeneracy is also lifted, resulting in a Kramer’s doublet ground 

state. CoTAC orders antiferromagnetically at 4.14 K. The lattice constants (presumably 

determined at room temperature) [5] are a = 16.671(3) A, b = 7.273(1) A a n d c  = 

8.113(2) A. The crystal contains chlorobibridged chains o f ferromagnetically coupled 

Co(II) ions running along the b direction. The exchange couplings and g values were 

estimated [6 ] using a I-D Ising model with a mean-field correction. The Hamiltonian for a 

one-dimensional Ising system can be written as

= -2 Jb E  Sf Sf+i - gjUsHE  S f (I)

where Jb is the exchange interaction (Jb > O is ferromagnetic) and Sz; equals ±1/2 (for 

CoTAC, as shown in Fig. I, half o f the chains have one principal axis and half have 

another so the z axis referred to in Eq. I is different for the two magnetically inequivalent 

types o f chains). Mean-field approximations gave information about the exchange 

couplings and g values perpendicular to the chain. Reported were an intrachain coupling 

o f JbZk = 13.8 K  and interchain interactions ZcJcZk = 0.28 K and zaJa/k = -0.032 K. The 

estimated g values were gc = 7.5, gb = 3.8 and ga = 3.1 which are consistent with the
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assumption that this is a good approximation to an Ising system The canting angle for 

CoTAC is IO0 off the c axis and towards the a axis [I, 3],

Specific Properties o f NiTAC

NiTAC is a spin I system. A  3d8 ion such as Ni(H) has the spectroscopic symbol 

3F4 and this F-state is split by an octahedral field to give an orbital singlet ground state. 

For NiTAC the single-ion anisotropy lifts the spin degeneracy resulting in a spin singlet 

low. The magnetic properties are due to the nearby Sz = ± 1  doublet. NiTAC orders 

antiferromagnetically at 3.67 K  The lattice constants are a = 16.677(5) A, b = 7.169(2) A 

and c = 8.103(2) A. The crystal contains chlorobibridged chains o f ferromagnetically 

coupled Ni(H) ions running along the b direction. A  Hamiltonian for a spin I magnetic 

chain in NiTAC [4] can be written as

M = -2Jbi;Si-SM -DE(Sf)2 -E f((sf)2-(sf)2)

- gIIeH0 E Sf + O-Cint (2)

where Jb is the intrachain exchange (Jb > Ois ferromagnetic), D is the uniaxial single-ion 

anisotropy, E is the orthorhombic component o f the single-ion anisotropy, H0 is the 

external magnetic field and O-Qnt includes the exchange and dipolar interactions between 

the chains (for NiTAC, as shown in Fig. I, half o f the chains have one principal axis and 

half have another so the z axis referred to in Eq. 2 is different for the two magnetically



9

inequivalent types o f chains). There has been some doubt expressed as to the appropriate 

Hamiltonian to.apply. The g values are temperature dependent with the system going from 

Ising-Iike to easy plane behavior as the temperature increases from 10 to 15 K. Also the 

single-ion anisotropy has a significant orthorhombic component. Nevertheless, de N eefs 

model [7] for an S =1 ferromagnetic chain with uniaxial single-ion anisotropy was applied 

to estimate g and the intrachain exchange. The values reported [4] were Jb/k = 14 K and g 

= 2.25. Apphcation o f mean field theory gave estimates ZfJ/k = 0.13 K  and ZafJ1Vk = - 

0.024 K  (zf = 2 and Zaf=  4) for the interchain exchange constants. Referring to the a and c 

axes o f the crystal, Ja = Jaf and Jc is essentially equal to Jf. The canting angle for NiTAC is 

2 1 ° off the c axis and towards the a axis.

Density

In order to easily determine the volume of a sample it is useful to know its density. 

It will sometimes be convenient to work with volume susceptibility so we need to know 

the density o f Coi.xNixTAC. The density can be calculated from the lattice parameters 

determined from x-ray data. The molecular weights o f cobalt and nickel are very close 

with values 129.84 g/mole for cobalt and 129.62 g/mole for nickel. As can be seen from 

Table I, the lattice parameters o f CoTAC and NiTAC are also very close. Since we are 

interested in the behavior at low temperature, the lattice parameters determined at 4 K [1] 

will be used. Those parameters are a = 16.490(11) A, b = 7.209(3) A, and c = 7 .9 5 7 (4 ) A
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and refer to the unit cell shown in Fig. I. There are four formula units per unit cell and the 

formula weight o f CoTAC is 261.44 g/mole. The density is

4(mass o f one formula unit)/(unit cell volume) = 1.836 g/cm3.

The lattice parameters at 4 K for Coo.4iNio.59TAC have also been determined [I]. Using 

those values, a density o f 1.818 g/cm3 is calculated. In the work which follows a value of 

1.82 g/cm3 will be used as the approximate density o f Coi.xNixTAC at intermediate values 

ofx.

Units

A  review of Gaussian and electromagnetic units follows. One can easily convert 

from one system to the other by realizing that the symbol emu is equivalent .to units of 

cm3. In Gaussian units the magnetic moment per unit volume M and the magnetic field H 

both have units o f Oe. The volume susceptibility % is determined by M = %H and therefore 

X is dimensionless. In electromagnetic units, M and H still both have units o f Oe but the 

dimensions o f % are written as emu/cm3. Because o f this awkward notion of using the 

abbreviation emu to stand for cm3, it is easier in practice to think in terms of Gaussian 

units. In Gaussian units, the magnetic moment per unit mass is M/density so it has units of 

Oe-cm3/g and the magnetic moment per mole is M(mol. wt./density) so it has units of 

Oe cm3Zmol. The mass susceptibility Xmass and the molar susceptibility Xmoiar are defined so 

that XmassH equals the magnetic moment per unit mass and XmoiarH equals the magnetic 

moment per mole. Therefore the units of Xmass are Cm3Zg and the units o f Xmoi are cmVmol.
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As an example, the units o f X mass in the electromagnetic system of units would be specified 

as emu/g.

Demagnetization Factor ' ■

i
Demagnetizing effects are significant for samples with large susceptibilities. For

I

CoNiTAC, large susceptibilities occur along the a and c axes. Let us denote the externally

applied magnetic field by H0, the internal magnetic field by Hi and the magnetization by M. ^

The demagnetization factor Njk is a tensor, but if  the magnetic field is applied along a

principal axis and the diagonal element of Njk corresponding to this axis is denoted by N, 1

I
then I

Hi = H0 - NM (3)
I

In order for Hi to be uniform, the sample should be elhpsoidally shaped. The 

demagnetization factor can be calculated for an ellipse [17] and can be estimated for 

reasonably simple shapes. For nonelhpsoidal shapes the internal field will be nonuniform 

and hence the demagnetizing effect will be nonuniform. The demagnetization effect 

depends on the shape of the sample and it can also depend on domain structure [18].

Metamagnets

It is worthwhile to review the concept o f a metamagnet since both CoTAC and 

NiTAC are metamagnets and experiments thus far indicate that for any x, CovxNixTAC is 

also. Metamagnets are highly anisotropic antiferromagnets which can at low temperature
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undergo a field-induced first order phase transition from the antiferromagnetic state to a 

state having relatively high magnetization. This transition is characterized on the 

microscopic scale by a reversal o f some o f the spins (large anisotropy constrains the spins 

to he along or very nearly along the easy axis) [8 ], This is in contrast to a nearly isotropic 

antifenomagnet where a considerably less than 180° rotation (i.e. spin flop) is seen.

Figures 3 and 4 show schematic phase diagrams for a metamagnet, and for comparison, 

Fig. 3 also shows a schematic phase diagram for an isotropic antiferromagnet. For the low 

temperature transition to be first order there must be competing interactions [8,9] which 

for a metamagnet means a competition between ferromagnetic and antiferromagnetic 

interactions. If  one starts with an appropriate expression for the internal energy involving 

parameters for the competing interactions and determines M versus H, then for certain 

regions o f parameter space, the antiferromagnetic solution can be multiple-valued with 

portions o f unstable values. In that case, as H increases the system eventually goes from 

the antiferromagnetic to a paramagnetic or ferrimagnetic state; however the system will 

not traverse the unstable portion in the M versus H diagram. Instead the magnetization 

will change discontinuously which o f course indicates a first order transition. It should be 

emphasized that there can also be regions o f parameter space for which the transition is

second order.
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FIRST ORDER PARAMAGNETIC

TRICRITICAL
POINT

SECOND
'ORDERANTIFERROMAGNETIC

(b)

Hi

TRIPLE
----- POINT
F E R R I - " ' ' "  I PARAMAGNETIC 
MAGNETIC

ANTIFERROMAGNETIC \

U U U  \
T

SPIN
FLOP PARAMAGNETIC

ANTIFERROMAGNETIC
_______L i________

FIG. 3. Schematic phase diagram of the 
internal magnetic field Hi versus temperature T for 
(a) a metamagnet of the same type as CoTAC or 
NiTAC, (b) a metamagnet that has a ferrimagnetic 
phase, (c) an isotropic antiferromagnet. After [8],
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p aramagn e t i c
MIXED
PHASE

ANTIFERROMAGNETIC

T

FIG. 4. Schematic phase diagram of the 
applied magnetic field H0 versus temperature T 
for a metamagnet of the same type as CoTAC or 
NiTAC. After [8],
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Multicritical Points

Thermo dynamic quantities describe the macroscopic state o f a system. Examples 

o f these quantities are P, V, T, U, fractional concentration x, etc. For a system of identical 

particles, only two thermodynamic quantities are needed to specify the state of the system

For an N component system, N + I thermodynamic quantities are needed. Usually all but
(

two of the quantities are held constant and the graph of the remaining two free variables 

constitutes a phase diagram. A curve separating two phases that are in equihbrium is 

called a phase equihbrium curve. A  point where two or more phase equilibrium curves 

intersect is called a multicritical point. By convention, the name of a specific type of 

multicritical point contains implicit information. For example, a tetracritical point is not 

simply a point where four phase equihbrium curves meet. That condition is required and in 

addition, all four curves must correspond to a second order transition. The various phase 

diagrams of CoNiTAC have multicritical points. It has been conjectured that the 

temperature versus composition phase diagram of CoNiTAC exhibits a tetracritical point. 

Since Coi-xNixTAC is a metamagnet of the mixed phase type, the apphed field H0 versus T 

phase diagram with the field oriented along the easy axis has a multicritical point.

Summary of Previous W ork on CoNiTAC

Early studies o f CoTAC [3,5,6,10] and NiTAC [4,11,12] demonstrated their 

interesting magnetic properties and many similarities. Since the two materials are not only 

structurally isomorphous but also have lattice constants which are close in value, it is not
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surprising that they can form mixed crystals for all values of composition. Initial work on 

CoNiTAC [13,14,15] determined an interesting temperature versus composition phase 

diagram Based primarily on measurements o f thermoremanent magnetization, the low 

temperature phase was modeled as an anisotropic spin glass and evidence for a 

multicritical point was observed. Subsequent neutron scattering [1,16] and NMR [2] 

experiments disproved the spin glass model and showed that, as is the case for CoTAC 

and NiTAC, the low temperature phase o f Coi-xNixTAC is a canted antiferromagnet with 

macroscopic dynamics attributed to domain wall motion. This thesis will show that for 

0.1 < x < 0.6, Coi-xNixTAC has two ordered phases, both being canted antiferromagnets 

but with different canting angles.
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CHAPTER 2

EXPERIMENTAL RESULTS 

Objective

The objective o f the experiments was to map out more completely the temperature 

versus composition phase diagram of CoNiTAC. All but one of the magnetic 

measurements for the original work on the phase diagram [13,14] were performed using 

powdered samples measured in an EG&G PAR model 155 vibrating sample 

magnetometer. One small crystal was measured using an AC SQUID system Since 

Coi-xNixTAC is highly anisotropic, single crystal data were obviously needed in order to 

get a more detailed phase diagram. AC susceptibility measurements are advantageous 

because, unlike magnetization measurements, they can be done at essentially zero applied 

field except for an ac excitation field on the order o f one Oe or less. This is particularly 

important for the study o f a material like CoTAC which has a critical field at 65 Oe.

Crystal Growing Techniques

Crystals o f (CH3)3NHCoi.xNixCl3-ZH2O can be grown by slow evaporation of an 

aqueous solution containing a 1 - 1  molar ratio o f magnetic ions to trimethylammonium
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ions. Since the cobalt, nickel and trimethylammonium chlorides are all highly soluble in 

water, the solutions tend to become extremely concentrated before crystallization begins 

and some techniques were required to prevent the crystallization from occurring too 

rapidly since extremely rapid crystallization generally results in a large number of small, 

poor quality crystals. The following describes the crystal growing procedure.

The chlorides NiClz 6 H2O, CoClybHzO and (CH3)3NHCl were used. It should be 

noted that NiCl2, CoCl2 and their various hydrates are toxic and cancer suspect agents and 

that CoCl2 6H20  is a possible sensitizer. Glass sample bottles with plastic caps were used 

to grow the crystals. For a given Ni-Co ratio, an aqueous solution was made having a 1-1 

molar ratio o f magnetic ions to trimethylammonium ions and having only enough water 

added to just dissolve the chlorides. The solution was divided equally between 5 or more 

sample bottles with a solution depth greater than 2.5 cm in each. The water was allowed 

to evaporate and as crystallization just began in each container, it was sealed with the 

plastic cap. After visual inspection, one o f the containers was selected to provide seed 

crystals. The crystals from that container were removed, washed with 95% ethanol, air 

dried and stored in a sealed container. The trimethylammonium ion is relatively heat stable 

so the solutions can withstand gentle heating. For each remaining container, a drop or two 

of water was added and the open container was heated with a hotplate until the bottom of 

the glass was hot to the touch. This was always sufficient to dissolve all of the crystals. 

Upon removal from the hotplate the container was again temporarily sealed to avoid 

excessive evaporation during cooling. While the solution was cooling, a seed crystal was
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selected from the crystals collected earlier. The seed was placed in a crease of a piece of 

tissue paper (the tissue was used in order to make retrieval o f the seed easier) and washed 

in 95% ethanol for one to three minutes depending on its initial size. The washing was 

necessary to smooth the surface o f the seed and to dissolve away any structurally weak 

fragments that could break off and serve as nucleation sites. Next the seed was added to 

the now cooled solution and the container was again sealed with the plastic cap. Ifthe 

right number o f drops o f water was added, the seed would begin to grow along with 

several other crystals. The one horn the seed is often defective since any structural defects 

in the seed will tend to be preserved as it grows, but the others can be quite good. When 

collected, the crystals can be washed with 95% ethanol and then air dried thoroughly 

before storage in a sealed bottle. The crystals should not be stored with a desiccant 

because that causes them to lose water o f hydration.

As the Ni concentration in solution changes from 0 to 100%, the ease of 

glowing crystals varies. It is easy to grow pure CoTAC or mixed crystals in a range from 

35 to 45 atomic % Ni in solution or for a narrow range near 90% Ni in solution. NiTAC is 

by far the most difficult and takes months to grow. In order to obtain seeds for NiTAC, 

the temperature o f the solution had to be raised several degrees above room temperature. 

That probably means room temperature is not optimal for growing NiTAC. An attempt to 

find the optimal temperature was not pursued. In the literature it has been mentioned that 

lowering the pH of the NiTAC solution with HCl will result in larger crystals [11]. That 

technique was not applied to the NiTAC crystals grown for this work. They were grown
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under conditions o f temperature and pH that were the same as the conditions o f growth 

for the mixed crystals.

Crystal Morphology

As previously noted, the crystals are elongated with almost all o f them having 

wedge shaped ends. When normal CoNiTAC crystals are viewed end on, the cross section 

perpendicular to the long axis can be approximately described as a rhombus (diamond 

shaped) with the edge o f the end wedge along a diagonal. The cross section is not quite a 

rhombus because two of the “vertices” are really very short edges corresponding to two 

narrow facets of the crystal so the cross section really looks like a rhombus with two of its 

vertices shaved off. The a-axis o f the crystal, which is the axis of weak ferromagnetism, is 

in the direction along the edge o f the end wedge. That direction is usually consistent from 

end to end although a few crystals showed a slight twisting about the long axis. The 

b-axis, which is the hard axis, is along the elongated dimension. A  small percentage of the 

crystals had end wedges that were significantly distorted or the wedges were nonexistent. 

Then cross sections perpendicular to the long axis tended to be rectangular. These crystals 

were found to have different orientation properties than the normal crystals.

Some idea o f the quality o f a crystal can be obtained by observing it with polarized 

fight. Co1-XNixTAC exhibits optical dichroism with the phenomenon being particularly 

striking at intermediate concentrations.
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Instrumentatioii

Magnetic susceptibility and magnetization measurements were performed using a 

7225 Lake Shore Susceptometer/Magnetometer. Details about the machine and its 

operation can be found in the 7000 Series AC Susceptometer / DC Magnetometer User’s 

Manual. Susceptibihty and temperature calibration were checked with Pb and Ga. For 

temperatures between 3 and 10 K the temperature sensor at the sample was estimated to 

be systematically reading 0.02 K too  low. The susceptibility was reading too large in 

magnitude by approximately 3%.

The sensitivity of the 7225 AC Susceptometer is a result o f the design and

design o f the superconducting magnet. The secondary coils, which consist o f two coils 

wound in opposition, are well balanced, have a large number o f turns and are strongly 

coupled to the sample space [19]. The primary coil is uniformly wound and is long relative 

to the secondary. Eddy currents have been kept to a minimum by using nonconductive 

materials in the vicinity o f the coils. The superconducting magnet has been designed to 

minimize inductive coupling to the coils. The manual specifies the AC sensitivity to be “To 

2 x IO"8 emu in terms o f equivalent magnetic moment”. This means that a change in 

moment Am can be resolved to this level, where

Am=(AM)(V), (4)
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V is the sample volume and AM is the change in magnetization o f the sample. Another 

way to think about this is to examine the relation

%
AM _ Am 
Ah ~ VAh (5)

where Ah is the change in the applied magnetic field. In order to resolve the signal from 

noise, we need to have

Ix I £ 2 x KT8 

VAh
(6)

There are several reasons why simply increasing the sample volume V or the ac excitation 

field Ah is not the answer to every problem. Obviously the volume is constrained by the 

size o f the sample space. The coupling of the coils to the sample depends an sample 

volume so the appropriate calibration constant for the coils depends slightly on sample 

volume. Usually the ac excitation field should be set as low as possible while still obtaining 

a good signal to noise ratio. The highest excitation field available on the 7225 is 25.1 Oe. 

If  one is interested in phenomena at zero applied field, then an excitation field of that order 

is a significant violation o f a zero field condition. Also, as Ah increases so does the offset 

voltage. Ifthe  offset voltage dominates the signal voltage, the sensitivity is compromised. 

The offset voltage also increases nonlinearly with increasing frequency due to capacitive 

and inductive effects, so for high frequency operation it is particularly important to keep 

Ah as small as possible. The highest sensitivities are achieved for frequencies between 

approximately 100 and 1000 Hz. With careful selection of Ah for a given frequency, 

sensitivities o f IO"9 emu or better can be achieved [19].
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A  rough check of susceptibility calibration can be done by measuring the 

susceptibihty o f a zero field cooled piece o f Pb shot. Ifw e assume the piece o f shot is 

spherical, then in electromagnetic units (emu) the demagnetization factor is 47t/ 3  and for T 

well below the superconducting transition temperature the susceptibihty is -1/4%. This 

follows because

H = B -  4%M (7)

and for a type I superconductor such as Pb, if  the applied field H0 is less than the critical 

field, then the Meissner effect results in B = 0 well inside the superconductor. In other 

words, supercurrents flow on the surface o f the sphere so that in the interior,

Hi = -  4%M.

From this we see that

dM _ - I  
(IHi ~ 4%

where

dM

(8)

(9)

( 10)

is the volume susceptibihty. [The volume susceptibihty is dimensionless. In the 

electromagnetic system of units however, the volume susceptibihty is specified as 

X (emu/cm3).] So far we have not seen the demagnetization factor come exphcitly into 

play. It becomes involved because, in measuring the effect of a changing field on a sample 

we are dealing with a boundary value problem. The external apphed field H0 is of course
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not generally the same as the internal field Hi. The hardware only knows what the 

measured susceptibility

dM
(H)

is, but for the purposes o f theory we are really interested in % given by Eq. 10.

In order to determine % from %m values, the demagnetization factor must be 

known. The demagnetization factor is a tensor which depends on the shape of the sample 

as well as its composition. For a sample of arbitrary shape the demagnetization factor can 

vary with position within the sample, but for an ellipsoid, the tensor is the same 

throughout the sample [17]. The situation is particularly simple for a sphere where for an 

isotropic sample, any axis can be taken as a principal axis. To get an idea o f how to 

determine the demagnetization factor o f a sphere, consider from the point o f view of a 

boundary value problem, a superconducting sphere placed in an external field H0. Ifw e 

assume that the Meissner effect will result in the sphere being uniformly magnetized we 

can get a consistent set o f solutions for inside and outside the sphere which agree with 

experimental results. The solution for the case o f a uniform field B0 = H0 through all space 

superposed on the field o f a uniformly magnetized sphere is [2 0 ]

Bi = B0 + (SttZS)M (12)

Hi = B0 - (4tt/3)M. (13)

But B0 = H0 so in this case

Hi = H0- (4tc/3)M. (14)
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Recalling that the demagnetization factor N is determined by Eq. 3, we see that N = 4%/3 

for a sphere. Ifthe  correct demagnetization factor is entered into the Lake Shore data 

analysis program, % will be calculated from the measured value %m and then the graphical 

output will display %. Again using Eq. 3

dH;
dM

(15)

— = ——  N (16)
%

X =
Xm

I -N xm
(17)

The value o f N can be entered at the time o f data acquisition in which case it will become 

the default value for that data file or the value o f N can be interactively changed during 

data analysis o f a given file. Note that if N is set to zero, then %m will be displayed. For a 

superconducting sphere the theoretical value for % is -1/4%, but unless one supplies the 

software with the correct demagnetization factor, that is not what the output will show.

Volume susceptibility % versus temperature T for a Pb sphere is shown in Fig. 5. 

No attempt was made to eliminate the surface oxidation. Ideally the Pb shot is washed for 

a short time with nitric acid to remove oxidation and smooth the surface. Since we wanted 

to use the same sphere for each test, the washing was not done because it would have 

eventually consumed the sphere. As can be seen in Fig. 5, the value o f susceptibility is 

slightly more negative than -1/4% = -0.0796. This sample was also used to check the 

consistency o f the thermometry. For the 99.7% pure Pb sphere o f mass 0.0104 g which
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0.02

- 0.10

T(K)

FIG. 5. x versus T data from a Pb sphere measured at frequency 
f  = 375 Hz and excitation field Ah = 0.4 Oe. A value of 4%/3 was en­
tered for the demagnetization factor.
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was used, the steepest slope occurred at T = 7.18 K  and that characteristic o f the 

susceptometer did not change over the course o f experiments on CoNiTAC reported here.

Generally the response o f a sample to the AC excitation field Ah is not always in 

phase with Ah. There is an in-phase component o f % denoted by %' and a 90° out-of-phase 

component denoted by For details on how the 7225 Susceptometer measures the 

phase, see the User’s Manual. The out-of-phase component is sometimes called the 

quadrature and it gives information about dissipative phenomena in the sample. It is 

convenient to represent % as a complex number.

In the previous example o f the Pb sphere, %" = O for temperatures well below the 

superconducting transition temperature and the complex number notation was not needed. 

In general however

( 18)

%m = %'m + I X"m (19)

and

X' + iX" = X

I - N x m

(20)

which implies
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(21)
X1m( I - X 1mN ) - ( X 11m)2N
(l-%'mN)2 +(%"mN)2

and

( l - X ' mN )2 +(%"mN )'
(22)

These equations are used by the Lake Shore software and assuming the correct 

demagnetization factor N has been entered, %' and %" will be the output. Ifthe default 

value N = 0 is used, then the equations formally claim %' = %\m and %" = x"m and although 

the data are labeled by %' and what one is really looking at is x'm and x"m- Of course, if 

the wrong value o f N is entered, the results can be unphysical. Notice that the equations 

for x' and x" have poles. Figure 6  shows data from a single measurement of CoTAC with 

three different values o f the demagnetization factor entered. Obviously the representation 

in Fig. 6 c is unphysical.

O f course theory always refers to % rather than Xm so it can be important to at least 

have an estimate for the demagnetization factor. Even though the demagnetization factor 

is not uniform in a non-ellipsoidal sample an estimate for the value can sometimes be 

determined experimentally. In order to see this, consider measuring x'm as the frequency 

goes to zero. In the limit we obtain what is called the isothermal susceptibility. The 

quadrature x"m gets smaller since at very low frequencies there is more time relative to the 

measurement cycle for the system to relax. If x"m = O we can use Eq. 16 without

employing complex numbers. For a sample with positive %
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E 0.2 4

FIG. 6. %' (squares) and %" (triangles) from measurements on a 
CoTAC crystal with the excitation field oriented along the a-axis. The 
demagnetization factor was entered as (a) N = 0, (b) N = 2.9, and (c) 
N = 3.3.
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(23)
% %m

which implies

(24)

In particular

N <
I

(25)
max x m

and a bound occurs when %m is a maximum. Note that it might not be a very good bound. 

For an axis along which % is small, all this indicates is that N is less than some large 

number and for such an axis the demagnetization factor is usually considered to be zero. 

Recall that if  N  = Ois entered into the Lake Shore program, the output is %m. For axes 

along which % diverges in theory, we will take

where %m is determined at the lowest possible frequency. Figure Tb shows an example of 

data used to experimentally estimate the demagnetization factor. In general it is not 

sufficient to use a temperature sweep to determine the maximum value o f Xm and in this 

case a field sweep was necessary. In practice, this method works well for the c axis of 

Coi.xNixTAC but not so well for the a axis because for the a direction o f Coi.xNixTAC, 

X11m is not negligible even at the lowest possible frequency setting.

N s
I (26)

max x m
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0.10  - -  0.10  -

a  o.o5 - 0.05 -

0.00  - 0.00  -

FIG. 7. (a) x'm (squares) and x"m (triangles) versus T from measure­
ments on Co06Ni04TAC with the field oriented along the c axis, (b) x'm 
(squares) and x"m (triangles) versus applied field Ho from (f = 10 Hz, Ah
= 2 Ce, T = 4.2 K) measurements on Co0 6Ni04TAC with the field oriented 
along the c axis.
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Large demagnetization effects occur along axes for which the susceptibility is 

large. For CoNiTAC this turns out to be primarily the c axis and to a lesser extent the a 

axis. The demagnetization along the b axis is taken to be zero. Ideally for materials with 

large demagnetization effects, measurements are done on a sample shaped as an ellipsoid. 

Once the sample is shaped there is the added problem of establishing the orientation since 

the crystal morphology is no longer available as a guide. Because o f the small size of the 

Coi.xNixTAC crystals available for this work, shaping the samples was not practical.

Crystal Composition

In order to determine the temperature versus composition phase diagram it is 

important to know the concentration of nickel in a given crystal. Figure 8  shows data from 

this work and two references with respect to the mole fraction x of nickel in a 

CovxNixTAC crystal versus the mole fraction o f nickel in the solution from which it was 

grown. The concentrations determined for this work (circles in Fig. 8 ) were obtained from 

atomic absorption analysis performed by Galbraith Laboratories, Inc. The crystals grown 

for this work seem to have significantly lower nickel concentrations than those of 

references I and 14. It is well-known that there are large error bars associated with 

composition analysis o f these types of crystals and that could account for the differences. 

However, in an attempt to obtain homogeneous crystals for this work, care was taken to 

avoid letting the crystals grow to the point where the solution would become depleted of 

cobalt. Since the crystals tend to contain more cobalt than the solution from which they
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o  data from this work
0.9 - ♦ data from Ref. I

□ data from Ref. 210.8  —

0.7 -

0.6  -

0.5 -

0.4

0.3 -

0.2 -

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Mole fraction of Ni in solution

FIG. 8. Mole fraction x of Ni in CovxNixTAC crystal versus mole frac­
tion of Ni in the solution from which it was grown. The line is a plot of 
X = -O l [Nisol] + 1.3[Nisol]2 - 0.2[Niso]]3 where [Nisol] denotes the mole frac­
tion of Ni in solution.
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were grown, eventually a crystal can end up growing in a solution which is nickel rich 

compared to the solution at the start o f growth. In this case the outer portion o f the crystal 

will have a higher nickel concentration than the inner region. The nickel concentration data 

o f references I and 14 can reasonably be estimated by the equation

x = -0. ![Nisol] + 1.3 [NisoJ 2 - 0.2[NisoJ 3 (27)

where x is the mole fraction o f nickel in a Coi.xNixTAC crystal and [NisoJ  is the mole 

fraction o f Ni in the solution from which that crystal was grown. Although the crystals 

measured for this work may have x values systematically lower than the calculated values 

by 1 0 %, the bulk o f the chemical analysis data supports the equation as given and it will be 

used to compute x. It should be noted that there may be a systematic error resulting in a 

consequent distortion o f the temperature versus composition phase diagram. Random 

errors associated with composition x can be estimated to be about 1 % for the crystals used 

in this work. Standard solutions differing by 1% Ni concentration can produce crystals 

with identical susceptibility behavior but solutions differing by 2 % produced crystals that 

were all measurably different. r

Susceptibility Data

For a range o f x from approximately 0 .1 to 0.6 and under conditions of zero 

applied field, the % versus T data along the a axis o f Coi.xNixTAC show two transitions.

Figme 9 shows data from measurements on Co&sNwTAC along the a axis. 

About 98% of the samples exhibited peaks o f this same general shape with the higher
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FIG. 9. x' (squares) and x" (triangles) versus T from measure­
ments on Co06Ni04TAC. This sample was measured with the field 
oriented along the a axis. The demagnetization factor was entered as 
N = 3.6.
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temperature peak being higher and sharper and the lower temperature peak being more 

rounded and having relatively large The sharpness of the transitions is a strong

indication that the crystals are homogeneous in composition.

Figure 10 shows the same Coo.6Nio.4TAC crystal measured along the c axis which 

for the end members CoTAC and NiTAC is the easy axis. The transition at lower 

temperature now has the appearance o f a shoulder and %" is not significant in magnitude.

Figm e 11 shows the same Coo.6Nio.4TAC crystal measured along the b axis which 

for the end members CoTAC and NiTAC is the hard axis. The signal is decreased to the 

point where the effects o f noise are obvious. Some of the sharp part o f the peak is 

probably due to imperfect alignment of the crystal resulting in some o f the signal being due 

to a or c signal components.

Figure 12 simply compares on the same scale, the % versus T data for all three 

axes. The demagnetization factors for the a and c axes were determined experimentally 

and it was assumed to be zero for the b axis.

Figme 13 shows Xm versus T from measurements on NiTAC along the a axis. The 

maximum occurs at 3.65 K. For antiferromagnets the transition temperature is taken to be 

the temperature below the peak maximum at which the slope is greatest, so the transition 

temperature for this crystal is slightly below 3.65 K. The accepted literature value for the 

transition temperature o f NiTAC is 3.67 K. from this information and corroborating data 

from other crystals, it is evident that in the temperature region near 4 K  the thermometry
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0.8  -

0.6  -

0.4 -

0.2  -

0.0  -

FIG. 10. %' (squares) and %" (triangles) versus T from measurements 
on Co0 6Ni04TAC with the excitation field oriented along the c axis. The 
demagnetization factor was entered as N = 7 .1.
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0 .001 -

tA  a

o . o o o -

FIG. 11. x '  (squares) and x" (triangles) versus T from measure­
ments on Co06Ni04TAC with the excitation field oriented along the 
b axis. The demagnetization factor was entered as N = 0. The observed 
peak is likely due to a slight misalignment of the crystal resulting in a 
signal contribution from the a o re axis.
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0.8  -

0.6  -

0.4 -

0.6  -

0.4 -

0.0 -V

0.4 -

FIG. 12. %' (squares) and %" (triangles) versus T from measurements 
on Co06Ni04TAC with the excitation field oriented along the (a) a axis, 
(b) b axis, and (c) c axis.
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0.2  -

0.1 -

FIG. 13. Xm versus T from measurements on a NiTAC crystal 
with the excitation field oriented along the a axis. The maximum 
occurs at 3.65 K.
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is systematically reading about 0.02 K too low. AU the data for the phase diagrams which 

foUow have been corrected for this systematic error.

Figure 14 shows a sample o f some of the a-axis susceptibility data in order to 

iUustrate how the shape o f the transition changes with x. CoTAC data, which is not 

shown, consists of a single peak. At a smaU fraction x = 0.06 of Ni, there is already 

evidence o f an anomaly in the peak. It is not entirely clear whether this should be 

interpreted as two transitions or as a single anomalous transition. We choose the latter 

interpretation. At x = 0.4 we are in the region of distinct separation o f the peaks. At a 

nominal value o f x = 0.6 the peaks coalesce into a single peak. The computed value for x 

was actuaUy 0.58 but since the composition error bars are so large, only one digit is 

significant. The value x =  0.6+ means a value slightly greater than the nominal value of 

0.6. The peak is once again anomalous and this behavior persists to somewhat beyond x = 

0.8. Although not shown, x -  0.9 results in a single peak with no evidence o f an anomaly. 

NiTAC has a single peak.

Temperature versus Composition Phase Diagrams

Lr aU o f the phase diagrams which foUow, the transition temperature was 

determined by finding the temperature at which the slope was steepest in the temperature 

region just below the peak maximum.
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(a) x = 0.06 (d) x = 0 . 6 4

0.20 4 -  0.20  -

0.15 - 0.15 -

0.10  - -  0.10

0.05 - 0.05 -

0.00  - -  0.00  -

(b) x = 0.4 (e) x = 0.7
0.20  - -  0.20  -

0.15 - - 0.15 -

0.10  - -  0.10  -

0.05 - - 0.05 -

0.00  - -  0.00  -

(c) x = 0 . 6 (f) x = 0 . 8

0.20  - -  0.20  -

0.15 - - 0.15 -

0.10  - -  0.10  -

0.05 - - 0.05 -

0.00  - “f  0.00 -

T (K) T (K)

FIG. 14. x'm (squares) and x"m (triangles) versus T from measure­
ments on Co1 xNixTAC for (a) x = 0.06, (b) x = 0.4, (c) x = 0.6, (d) x = 
0.6+, (e) x = 0.7, and (f) x = 0.8 where 0.6+ means slightly > 0.6.
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Figure 15 shows the temperature versus composition phase diagram of 

Coo.6Nio.4TAC determined from measurements along the a axis. As noted in the caption, 

there is a possible distortion due to systematic error in the determination o f composition. 

For reasons that will be developed later, the best model for the higher temperature ordered 

phase is a canted antiferromagnet with a different canting angle from that o f the low 

temperature phase. There is a distinct difference in the shape o f the peaks for x slightly 

less than 0.6 and x slightly greater than 0.6. A tjust below 0.6 the peaks are distinctly 

separate and coalesce rapidly as a function o f x. Forjust above 0.6 the peak is simply 

anomalous with no clear separation.

Figure 16 shows the previous temperature versus composition phase diagram on 

an expanded temperature scale. The small open symbols indicate data points for which the 

peak is anomalous. The large open symbols are not data points and mark an interesting 

region where unfortunately no data exist. Their large size indicates that the data could be 

anywhere within the symbol.

Apphed Field H versus Temperature Phase Diagrams

Figure 17 shows how the susceptibility o f Coo.6Nio.4TAC along the a axis changes 

with increasing field. The higher temperature peak decreases more rapidly with increasing 

field. At 60 Ge, the peaks are significantly reduced, making them difficult to differentiate. '

Figure 18 shows the applied field versus temperature phase diagram of 

Coo.6Nio.4TAC for measurements along the a axis. At higher field the peaks are strongly
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0O canted AF4.3 H
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4.0 -

3.9 -

3.8 -

3.7 -

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Mole fraction x of Ni in Co1xNixTAC

FIG. 15. Temperature versus composition phase diagram of 
CoNiTAC from measurements with the excitation field oriented 
along the a axis. (The horizontal error bars do not enclose a 
possible systematic error which would make the plotted values 
of the mole fraction x about 10% too high).
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0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Mole fraction x of Ni in Co1 Ni TAC

FIG. 16. Temperature versus composition phase diagram of 
CoNiTAC from measurements with the excitation field oriented 
along the a axis.
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□ 0D eft

(c) H0 = 60 Oe

4.2 4.4 4.6 4.8
T(K)

FIG. 17. x' (squares) and x" (triangles) versus T from measure­
ments on Co06Ni04TAC with an applied field (a axis) of (a) 0 Ge,
(b) 20 Ce, and (c) 60 Oe The demagnetization factor was entered 
as N = 3.6 for all three cases.
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FIG. 18. Applied field versus transition temperature from measure­
ments along the a axis of Co0 6Ni0 4TAC. At low field, the error bar for 
the temperature is the size of the diameter of the data symbol.



48

suppressed. The temperature o f the peak maximum increases as the field increases and so 

does the estimated transition temperature. Similar behavior is seen in CsNiCl3 [22]. Figure 

19 is a magnification o f the low field region of Fig. 18.

Figure 20 shows the applied field versus temperature phase diagram of 

Coo.6Nio.4TAC for measurements along the c axis. This is a typical easy axis phase diagram 

for a metamagnet as shown schematically in Fig. 4. The lower critical field o f 100 Oe is 

intermediate between the 65 Oe value for CoTAC [6 ] and the 300 Oe value for NiTAC 

[4], The upper critical field is higher than the 730 Oe value for NiTAC [4], The upper 

critical field for CoTAC is known to be greater than 500 Oe [6 ], Figure 21 is a 

magnification o f the low field region o f Fig. 20. The susceptibility data in the region 

between 50 and 100 Oe is difficult to interpret and that part o f the phase diagram should 

be viewed with caution.

Frequency Dependence

Figmes 22 shows the susceptibility behavior o f Coo.6Nio.4TAC measured along the 

a axis at 375 and 9990 H z .  The higher temperature %' peak is suppressed most strongly 

with a corresponding increase in The temperatures corresponding to the peak maxima 

of x"change with frequency and Fig. 23 is a graph of this behavior.



H0
 (k

O
e)

49

0.10  -

0.08 -

0.06 -

0.04 -

0.02  -

0.00  -

FIG. 19. Applied field versus transition temperature from measure­
ments along the a axis of Co06Ni04TAC.
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FIG. 20. Applied field versus transition temperature from measure­
ments along the c axis of Co0 6Ni0 4TAC. This sample was measured 
without being shaped into an ellipsoid.
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FIG. 21. Applied field versus transition temperature from measure­
ments along the c axis of Co0 6Ni04TAC. This sample was measured 
without being shaped into an ellipsoid.
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FIG. 22. %' (squares) and %" (triangles) versus T from measurements 
on Co0 6Ni0 4TAC with the excitation field oriented along the a axis and at 
a frequency of (a) 375 Hz and (b) 9990 Hz. The demagnetization factor 
was entered as N = 3.6.
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FIG. 23. ln(f / kHz) versus inverse temperature of the %" peak 
maximum of (a) the higher temperature transition and (b) the lower 
temperature transition (from measurements on Co06Ni04TAC).
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Thermal Hysteresis

Figure 24 shows a measurement along the a axis o f thermal hysteresis of 

Coo.6Nio.4TAC. The data was taken in fixed point temperature mode in which a wait period 

o f 2 to 7 minutes is allowed for the temperature to stabilize and then the temperature is 

monitored until the rate o f change is less than 0 .1 K per minute before a data point is 

taken (See the Lake Shore 7225 User’s Manual). Observation o f the temperature readout 

indicated that at the set point, the temperature was actually varying at rate less than 0 . 0 2  

K per minute.

Magnetization Measurements

For the thermoremanent magnetization measurements a field o f I kOe was applied 

at 10 K  Then the sample was field cooled to a specified temperature and the field was 

turned ojff and the magnetization measurements were started. The field cooling was 

accomplished by flooding the sample space with helium gas and then rapidly pumping it 

out. If  enough residual helium is left in the sample space when the desired low temperature 

is reached, then the temperature can be maintained to within a range o f less than 0.1 K for 

a few minutes by continually pumping on the residual gas. When the helium in the sample 

space becomes depleted, the temperature rapidly increases to 4.2 K.

Thermoremanent magnetization (TRM) is only observed along the a axis of 

Co1-XNixTAC and only for intermediate values o f x. Figures 25 and 26 show TRM data on 

Coo.6Nio.4TAC and Coo.4Nio.6TAC respectively. These data are consistent with TRM
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FIG. 24. Thermal hysteresis of Co0 6Ni04TAC measured along the 
a axis. A cooling run starting at 7 K was followed by a heating run.
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FIG. 25. Thermoremanent magnetization measurements 
on Co06Ni04TAC starting at temperatures (a) 2.5 K, (b) 2.75 K, 
and (c) 3.0 K. This sample was measured along the a axis.
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FIG. 26. Thermoremanent magnetization measurements on 
Co04Ni0 6TAC starting at temperatures (a) 2.5 K and (b) 3.0 K. 
This sample was measured along the a axis.
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measurements reported in R ef I. There are at least two relaxation mechanisms with one 

persisting up to the transition temperature. The other relaxation mechanism in 

Co1-XNixTAC becomes thermally deactivated at a temperature T(x). We see that T(0.4) lies 

between 2.75 and 3.0 Kwhile T(0.6) > 3.0 K. Figure 27 was an attempt to check for any 

signs o f TRM along axes different from the a axis. The polycrystalline sample data were 

consistent with the existence o f TRM only along the a axis. The rise in magnetization 

along the c axis as the temperature increases is probably due to a paramagnetic response 

to the remnant field o f the superconducting magnet.

High Temperature Data

Figures 28 and 29 compare the l/% versus T plots of CoTAC and Coo.6Nio.4TAC. 

The curves are qualitatively very similar, indicating that the additional ordered phase of 

Coo.6Nio.4TAC does not significantly change the behavior in the fluctuation region from 

that of a canted antiferromagnet.

Figure 30 shows curve fits o f the parallel susceptibility of the one-dimensional 

Ising model to the easy axis data for different values o f x. Since the model specifies % 

rather than %m, technically we need to know the demagnetization factor. It was determined 

experimentally for each sample. The fits were very good with small deviation of the 

individual data points. The model values are the solid circles and they are within the 

experimental open squares. The fits show the expected trend in g,, as the Ising nature of 

Co is moderated by the addition of Ni. The increase in the coupling strength is hard to
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FIG. 27. Thermoremanent magnetization measurements on 
Co04Ni06TAC in the form of (a) a polycrystallme sample and 
(b) a single crystal measured along the c axis.
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(a) CoTAC 
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FIG. 30. Curve fits of I-D Ising Xn to c axis data from 
measurements on Col xNixTAC for (a) x =0, (b) x = 0.4, and 
(c) x = 0 . 6 .



63

explain but is consistent with the increase in the transition temperature in going from 

CoTAC to Cool4Niol6TAC.
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CHAPTER 3 

THEORY 

Mechanisms

There are two well-known mechanisms which can cause successive magnetic 

transitions in zero magnetic field: (I) decoupling o f spin components with different 

components ordering at different temperatures and (2 ) spin reorientation. Spin 

reorientation can be further classified [23] according to whether or not it is driven by a 

structural instability; however, making this distinction is difficult because small structural 

changes can cause large changes in magnetic exchange. X-ray data on cobalt rich samples 

o f Coi.xNixTAC indicate that the structures are the same at high and low temperature but a 

temperature sweep encompassing the two transitions has not been done.

After consideration o f both mechanisms, we conclude that the data on CoNiTAC 

support spin reorientation as the cause of the lower temperature transition.

Decoupling o f Spin Components

Consider the possibility of decoupled spin components. A number o f materials, 

including MnSO4 [24-26], CsNiCl3 [27] and
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Fe1-XCoxCl2^ H 2O [28,29] are thought to exhibit this phenomenon with Fei.xCoxCl2-2H20  

in particular having a distinctive susceptibility signal. In considering possible decoupling in 

CoNiTAC, we can restrict our attention to the ac plane since as indicated in Fig. 12, the 

signal for the b axis is very small compared to those o f the other two axes. I f  the a and c 

components o f the moments are decoupled, then certain qualitative features o f the 

susceptibility should be apparent. Suppose the a and c spin components are decoupled in 

CoNiTAC. From the susceptibility data on Coo.6Nio.4TAC it is clear that at least the a 

component becomes ordered at the higher temperature. Ifthe c component were still 

paramagnetic in the sense o f moments processing about the a axis with no correlation of 

the precession from site to site, then upon lowering the temperature one should find that 

the susceptibility measured along the c axis would be essentially paramagnetic at the initial 

transition. As indicated in Fig. 12, that is not the case for Coo eNi0 4TAC.

There is a complication however if the axes which are decoupled in CoNiTAC are 

not the a and c axes. Suppose the two axes which are decoupled are a’ and c’ (orthogonal 

o f course). Then a measurement along the a axis could show two peaks because both the 

a’ and c’ signals could have components along the a axis. Both signals would be reduced 

in magnitude from their values along the primed axes. Experiments on CoNiTAC for 

different orientations about the b axis do not show this type of behavior.

There are also theoretical reasons which make decoupling an unlikely mechanism 

in CoNiTAC. A  group theoretical argument shows that decoupling o f the a and c 

components cannot occur in CoTAC [1] but unfortunately the applicability of the
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argument to the mixed system is unclear. For the Fei.xCoxCl2-2H20  system, the 

orthogonality o f the easy axes OfFeCl2ZH2O and CoCl2ZH2O is thought to be important 

in suppressing the o ff  diagonal terms in the Hamiltonian. The sublattice axes of CoTAC 

and NiTAC differ by only 11°, which by analogous arguments would imply strong 

coupling.

Both theoretical and experimental results indicate that decoupling o f spin 

components does not occur in CoNiTAC.

Spin Reorientation

We are left to consider spin reorientation. This type of transition is thought to 

occur in NiCl2 ZH2O. Whether or not the reorientation is driven by a structural instability  ̂

the theory involves considering a crossing of free energy functions.

Figure 3 lb shows a possible crossing based on a mean-field model with orthogonal order 

parameters. In that figure, the order parameter is Mi at low temperatures and M2 at 

intermediate temperatures. The crossing can occur if  the Hamiltonian for the System has 

temperature dependent terms with one term energetically favoring orientation in the x 

direction and the other favoring z. Significant temperature dependence can allow the terms 

to interchange dominance as the temperature changes. Based on the usual spin 

Hamiltonians used to model NiCl2 ZH2O, this is a reasonable basic model for this type of 

system. Coi„xNixTAC is similar to NiCl2 ZH2O in the sense that both have 

antiferromagnetically coupled ferromagnetic chains.



Fr
ee

 E
ne

rg
y

67

G(T, M1)

T(K)

FIG. 31. (a) Schematic susceptibility of a material with two 
transitions, (b) Schematic free energy diagram of a model for spin 
reorientation as proposed in Ref. 23.
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Independent o f whether the free energy involves a structural order parameter (for

an example o f a system with a second transition due to a structural instability, see Ref

% we can get a better understanding of the temperature versus composition phase 

diagram in Fig. 16 by considering how free energy functions evolve and cross as x changes 

in Coi.xNixTAC. Assume that the free energy for CoNiTAC has the form G(T, M, x,...) 

where M is an order parameter which for now will be left unspecified. Also assume that as 

shown in Fig. 32, the value M = M i minimizes the free energy for CoTAC and 

M = M2 corresponds to a local minimum which is not far removed in energy from the 

stable state: As the mole fraction x of Ni in Co1-XNixTAC changes, the functions 

G(T, Mi(x), x,...) and G(T, M2(x), x,...) will evolve. Imagine that as x increases from zero 

the functions start out as in Fig. 32; then cross as in Fig. 31; come apart as in Fig. 33; 

remain close but not distinctly crossed for a certain range of x values; and then finally 

diverge as NiTAC is approached. That would produce the qualitative features of the 

temperature versus composition phase diagram.

The evolution o f the free energy functions determines how the transition 

temperatures change with composition. By considering Fig. 34 it is possible to see how 

the transition temperatures could converge rapidly with respect to x as the free energy 

functions come apart.

As previously noted, there is as yet no information indicating a structural change in 

Coi.xNixTAC at low temperature. At this point we restrict attention to a model which has 

two ordered states with different canting angles.
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T(K)

FIG. 32. Schematic diagram of the free energy G(T, M 1, x = 0,...) 
of CoTAC where M 1 is the order parameter value corresponding to the 
known canting angle of 10° The free energy G(T, M2, x = 0,...) corre­
sponds to a metastable state. The change in internal energy associated 
with AG is estimated to be on the order of kT.
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FIG. 33. (a) Magnification near the critical point of the temperature 
versus composition phase diagram of CoNiTAC from measurements 
along the a axis, (b) Schematic diagrams of the free energy and suscep- 
ibihty for region I of the phase diagram, (c) Schematic diagrams of the 
free energy and susceptibility for region 2 of the phase diagram.
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FIG. 34. Schematic diagram of the crossing of free energy functions.
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Landau Theory

Assume a two-component order parameter M = (Ma, Mc) and that the free energy 

can be written in the form

F = gao + ga2Ma2 + ga4Ma4 + gagM,  ̂+ gagM,^ + ...

+ goo + Ec2Mc2 + gc4Mc4 + gc6Mc6 + gc8Mc8 + ...

+ coupling terms (28)

The coefficients depend on T and x. To illustrate the model we will analyze a version with 

no coupling terms, Ma terms to 8th order and Mc terms to 4th order. Then F can be 

written as

F = gazMa2 + ga4Ma4 + ga6Ma6 + ga8Ma8 + gc2Mc2 + gc4Mc4 (29)

Assume [31] that

Ea2 =Ya(T-Tl)  (30)

and

Ec2 = Yc(T-Ti) (31)

where Ya and Y= are positive constants; that ga4 and gc4 are positive; and that gag and ga8 

remain zero until some temperature T2 which is less than Ti (This last condition is not 

physically realistic but is assumed only for the purpose o f a simple illustration of the 

model). We minimize F and find that when T > Ti the minimum occurs for

(Ma, Mc) = (0, 0) (30)

When T2 < T < Ti the minimum occurs for
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(M„ Me) = ( (ya /2g,4f(T i - T f '  , (y c /2 g c 4 H T i-T )^ )  (31)

Figure 35 shows a possible way that the function

Fa = ga2Ma2 + ga4Ma4 + ga6Ma6 + ga8Ma8 (3 2 )

could develop as the coefficients gag and gag begin to change with temperature. For T < T2, 

the minimum occurs for

(Ma, Mc) = ( (yc/2 gC4)°'5(Ti - T)0'5, global minimum as determined from the graph)

(33)

Then Fig. 36 shows for this example how the evolution of Ma is related to the previous 

discussion o f the crossing o f free energy functions.

IfM  = (Ma, Mc) is interpreted as a sublattice magnetization, this model 

automatically gives two canted sublattices at the first transition due to the ± generated by 

taking the square root. The choice of y(T - Ti) temperature dependence for the leading 

coefficients is not appropriate for a magnetic system and that choice was made just for the 

purpose o f a simple illustration o f the theory. A more physically realistic odd function of 

T - T i  can obviously be chosen. Taking

MaZMc = tan(0) (34)

we see that 0 is the angle o f canting away from c. It predicts that the transition occurring 

at Ti is second order and the one occurring at lower temperature is first order, which is 

consistent with the data from Coo.6Nio.4TAC as shown in Fig. 24. It is worth noting that if  

instead o f the same temperature Ti, two different temperatures are associated with the 

leading coefficients, a model for decoupled spin components can be developed.
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FIG. 35. Schematic diagram of a possible evolution of the order 
parameter as the temperature changes.
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FIG. 36. Correspondence of free energy versus T to free 
energy versus the order parameter Ma.
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Consequences for CoTAC

There are characteristics o f the data on CoTAC which have remained unexplained. 

As shown in Fig. 37, there is for the a axis an anomalous spike in the magnetization versus 

temperature near the transition. Also, in an early estimate o f the canting angle using data 

from both above and below Tc, an angle o f 22° was estimated [6], This is much larger than 

the currently accepted value o f 10° determined by neutron scattering experiments at 

temperatures well below the transition.

Let us assume as shown in Fig. 32 that in the region of the transition of CoTAC 

there is a metastable state that has a canting angle 0 which is larger than 10°. Since the 

canting in this material is towards the a axis, a larger canting angle gives a larger 

component in that direction. Further suppose that the energy separation near the transition 

is on the order ofkT  but that the energies diverge significantly as the temperature is 

lowered. I f  such a metastable state were thermally populated over a short temperature 

range, an anomalous rise in the magnetization would be expected. It would also be 

expected that the metastable state would have an effect on the fluctuation region above Tc 

resulting in the data from that region indicating a larger canting angle than the value 

obtained at low temperature.

In comparison, it is interesting that there is a particularly large spike for the low 

field magnetization measurements on Co0AeNL54TAC [1], rising to about 10% of the low 

temperature magnetization and having width at half maximum of about 0.4 K.
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FIG. 37. Magnetization versus temperature from measurements 
on CoTAC with the field along the a axis.
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CHAPTER 4 

DISCUSSION 

Model for CoNiTAC

A  model for Coo.6Nio.4TAC which is consistent with the data and in particular the 

temperature versus composition phase diagram in Fig. 16, is one with a two-component 

order parameter corresponding to the sublattice magnetization o f a canted antiferromagnet 

with coupled (in the sense of undergoing simultaneous ordering) spin components. This 

model predicts a canted antiferromagnet as the low temperature phase and a differently 

canted antiferromagnet as the higher temperature ordered phase. The low temperature 

phase is known to be a canted AF from neutron diffraction studies. The higher 

temperature ordered phase is too narrow in temperature to allow much direct modeling 

but an idea o f the nature o f that phase can be obtained from susceptibility data in the 

paramagnetic region. From l/% plots and curve fits to the one-dimensional Ising model, 

the data for Coo.6Nio.4TAC is known to be similar to CoTAC. Ifthe higher temperature 

ordered phase o f Coo.6Nio.4TAC were significantly different from the canted AF phase of 

CoTAC, such as an incommensurate phase or a phase with canting in the b direction, then 

there should be some effect on the fluctuation region differentiating it from CoTAC.
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Except for relatively minor changes in parameter values, the high temperature data for 

Coo.6Nio.4TAC are indistinguishable from those for CoTAC. It is consistent to conclude 

that the higher temperature ordered phase is a canted AF with canting off the 

c axis and in the a direction. Except for the canting angle, it is like the low temperature 

phase.

In both AF phases of Coi.xNixTAC the canting angle is a function o f x. This is clear 

for the low temperature phase where the angle is known to be IO0 for x = 0 and 21° for 

x =1. A  limited number of data points [1] indicate that the canting angle changes 

continuously with x and can be roughly approximated as a composition weighted average. 

Indirect evidence from CoTAC suggests that at least for small values o f x, the canting 

angle is higher in the higher temperature phase than in the low temperature phase.

TRM and Domain Structure

The thermoremanent magnetization o f small crystals or powders o f CoNiTAC is 

different from that of a single crystal. For poly crystalline samples consisting of small 

crystals or powdered samples the magnetization persists to higher temperatures. No 

orientation o f a large single crystal was found that would produce a similar  increase in the 

temperatures showing TRM. It is likely due to the fact that crystals o f CoNiTAC are 

small usually because they have grown extremely rapidly and thus have more defects.

C0CI2 6H2O and NiCfrdH2O are both extremely soluble in water and a solution containing 

these chlorides can become highly supersaturated unless steps are taken as noted in the
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section on crystal growing techniques. Especially for high Ni concentrations the solution 

can eventually produce a precipitate (such precipitates and associated crystals were not 

used for any of the work reported here). Under these conditions the final solution is 

expected to be depleted and this produces the added complication o f inhomogeneous 

composition. This is consistent with the fact that polycrystalline samples consisting of 

microcrystals exhibited greater hysteresis effects than were found for any orientation o f a 

single crystal and might explain the TRM data o f R ef 21. For the most part the crystals 

measured in that work were described as being small. This necessitated the use of 

powdered samples. The mechanical process o f grinding is expected to introduce further 

defects. Similar effects on TRM have been noted in other metamagnets [32]. Figure 38 

shows hysteresis loops for a polycrystalline sample o f CocuNio.eTAC.

The domain structure o f CoNiTAC contains two types of domains. There are 

ferromagnetic domains associated with the weak ferromagnetism along the a axis and 

there are domains due to the metamagnetic nature o f the sample in the mixed state. The 

domains associated with metamagnetism are more weakly pinned since no TRM is 

observed along the c axis.

Futme Work

The a-axis temperature versus composition phase diagram of CoNiTAC is still 

very incomplete. The region near x = 0.1 where there is apparently another critical point
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FIG. 38. Hysteresis loops from measurements on a polycrys­
talline sample of Co0 4N i0 6TAC at a fixed temperature of 4.18 K.
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has not been measured at all. It appears that the phase diagram would have to open up 

over a.relatively narrow concentration range in a way that is similar  to how it closes near 

x = 0.6. The region for large x where the peaks cease to be anomalous is largely 

unexplored. It would be worthwhile to carefully map out the region from x = 0.8 where 

there is still a remnant o f two peaks to x = 0.9 where there is definitely only one peak. 

How the peaks should look in the free energy theory as the functions move apart is an 

open question.

hr order to get a better H versus T phase diagram it will probably be necessary to 

use a shaped sample. For a non-elhpsoidally shaped sample the nonuniform internal field is 

one factor which tends to smear out the transition. O f course, to shape a sample you need 

a large one to begin with. Crystals grown from solutions containing 35 to 45% Ni grow to 

be particularly large and show reasonably large separation of the peaks in % versus T data. 

Some care would have to be taken in order to avoid inhomogeneous composition.

There is a large amount of numerical work that could be done to determine the 

physically realistic coefficients for the two component order parameter model. By 

including interaction terms in the free energy expression o f Eq. 28, it should be possible to 

get a more interesting model with two minima.

Ifthe idea about the metastable state for CoTAC is correct, then at a temperature 

just below the transition there should be a type of resonance on the order o f 3 to 10 cm"1 

due to an excitation to the orientation whose order parameter results in a local minimum
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of the free energy. A  similar type o f resonance should occur for the case o f Coo.6Nio.4TAC 

at a temperatures near the lower transition temperature.
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