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Abstract:
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systems have been investigated. . The magnetic behavior of the pseudo-onedimensional mixed systems
[(CH3)3NH]A(1_x)BxCI 3°2H20 where A and B are Co, Ni, and Mn, was investigated as a function of
x. The mixture with Co and Ni was found to exhibit spin glass behavior below a characteristic
temperature Tg as evidenced by the onset of time dependent tnermoremanent magnetization. The phase
diagram of temperature versus x showed a very broad and deep spin glass region with unusually thin
antiferromagnetic phase regions above it. A tetracritical point near x = 0.58 was indicated.
Thermoremanent magnetization versus time below Tg was fit to a stretched exponential function plus a
constant offset term. Mixtures of Mn with Co and Mn with Ni showed no spin glass behavior above 2
K and had a deep depression in the center of their temperature versus x phase diagrams. The
pseudo-two-dimensional mixed systems, [NH.3(CH2)nNH3]CuCl4xBr4( 1-x) for n =5 and 7 were also
investigated. The temperature versus x phase diagrams for. these systems also showed evidence of
tetracritical points but with mixed phase regions rather than spin glass phases. From an examination of
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ABSTRACT

The temperature versus composition phase diagrams for
several low dimensional, mixed magnetic systems have been
jnvestigated. The magnetic behavior of the pseudo-one- :
dimensional mixed systems [(CH3)3NH]A(1-x)BxC13-2H20 where
A and B are Co, Ni, and Mn, was investigated as a function
of x. The mixture with Co and Ni was found to exhibit
spin glass behavior below a characteristic temperature
T4 as evidenced by the onset of time dependent

tﬁermoremanent magnetization. The phase diagram of
temperature versus x showed a very broad and deep spin
glass region with unusually thin antiferromagnetic phase
regions above it. A tetracritical point near x = 0.58 was .
indicated. Thermoremanent magnetization versus time below
Tq was fit to a stretched exponential function plus a
constant offset term. Mixtures of Mn with Co and Mn with
"Ni showed no spin glass behavior above 2 K and had a deep
depression in the center of their temperature versus X
phase diagrams. The pseudo-two-dimensional mixed systems,
[NH3(CH2)nNH3]CuCT4xBra(1-x) for n = 5 and 7 were also
investigated. The temperature versus x phase diagrams for.
these systems also showed evidence of tetracritical points
but with mixed phase regions rather than spin glass
phases.- From an examination of the differences in these
systems, criteria for development of mixed phases and spin
glass phases were discussed. .




INTRODUCTION

Systems with randomly mixed magnetic interactions are
important to the field of critical phenomena because their
temperature versus composition .phase diagrams can contain
multicritical points. In addition, if there is a
“frustration in tﬁe magnetic interactions, the system may _
be a type of magnetic hgteria] known as a spin glass. The
purpose of this work is to investigafe the temperature
versus compbsition phase diagram and spin gTas§ behavior
for several low dimensional, mixed magnetic systems; Low
dimensionaf systems were chosen for study.-in order to
discuss the effects of dimensionality in mixed magnetié
systems.

The mixed systems considered here inciude three site
disordered, pseudo-one dimensional materials wjth the
general formula, [(CH3)3NH]MC13-2H20 in which M represents-
a mixture of Co-Ni, Mn-Co or Mn-Ni. For examplé, in the
cobalt-nickel mixture M would be rep]aced by Co(l_X)Nix in
"which x is the mole fraction of the metal sites which
contain nickel and can have values ranging from zero to
one. For ease in reading, trimethylammonium metal
trichloride dihydrate or [(CH3)3NH]MC13-2H20 will
henceforth be abbreviated as MTAC. For the cobalt .and
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nickel example above, the abbreviation.CoNﬁTAC wouTld
therefore be used. The other mixed syéteﬁs to be
considered are two bdnd disordered, pseudo-two dimensional
systems, 5-DACUCT, Brg 4 .y and 7-DACuCl4x3r4é1_x). Here,
5-DA and 7-DA are abbreviations for pentanediammonium,
NH4(CH,) gNH4, and heptanediammonium, NHg(CH,),NHg,
respectively. x is the mole fraction of the tofa]'ha]jde
that is chloride. |

Among these systems, only CoNiTAC was found to bghave
as a spin glass, and because af the interesting properties .
of a spin glasses, it was studiéd in the most detail. * |
Speqifica]]y, the results include: single crystal
measuréments of both dc magnetization and'ac
sUéceptibiity; thermoremanent magnetization (TRM)
measurements and a fit to a theoretiéa] model; and an
improved temperéfuré versus X ph&sé diagram.
Magnétization measuremenfs for the other systems result in
discussion of their temperatdre versus x phase diagrams.

Finally, by comparing these results, the effects of the

' d{mensiona1ity pF the interactions can be discussed.
Before discussing the present experiments and their
resu]ts; a review of previous work on the MTAC systemé
will be presented. Both pﬁre, single metal compounds and
mixed systems will be consideredf In addition, some

theoretical and‘experimeﬁta1_background concerning what to
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expect from a.random mixture phase diagram and from a spin
glass will be discussed. No previous work other than our

own has been done on the 5-DA and 7-DA copper halides.

Properties of Single Metal MTAC Compounds

In order to discuss the mixed metal systems, it is
first necessary to describe the structural and ﬁégnetic
properties.of the puré, single metal .compounds. MfAC can
be prebared with the divalent metals Co, Ni, Mn, Cu and
Fe. The trimethylammonium metal chlorides formed with the
above five metals are all isostructural with only small |
differences in bond Tengths and bona angles. Aslsuch they
make good candidates fof mixed magnétic systems since
changeé in magnetic properties can be associated with the
change in the properties of the metal and related only
very weakly with changes in the crystal structure. The
structure of CoTAC will be described in detail. .The other
members of this series 6f compounds can be considered
structurally identical to CoTAC'with the minor distance
and'angie corrections mentioned. above.

The structure of CoTAClwas first solved by Losee et

1 In CoTAC the édBa1t ions are octahedrally

al.
coordinated by two water molecules and four chloride ioﬁs
with the waters being trans to each other. Two chlorides

on each edge are shared with adjacent cobalt octahedra to
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form bibridged chains of cobalt octéhedra with the
stochiometry CO(HZO)ZC]Z; A portion of this chain Tooking
along the a ax{s bfythe crystal is illustrated in Figﬁre
1. The wéter molecules hydrogen bond with the remaining
chloride ions to form weakly bound planes of ;6ba]t
chains. The three dimemsional structure is formed by
étacking'these p]énes with the trimethy]ammonium cat%ons
spaced between them. The ﬁ1anes are staggered §UCh that
cobalt chains in one plane lie between the chains of the
next nearest neighbor ﬁ1ane. A simplified structure of
CoTAC, tlooking along the chain or b axis direction, is
shown in Figure 2. The short-1ines indicate the
qrientation of the HZO-Jigands. They are tilted
approximate1y iO degrees away from the ¢ axis, however the
angle in the diagram has been exaggerated in order to
-emphasize the inequivalence of adjacent planes. Notice
that the water ligands are tilted away from the ¢ axis but
alternate directions in each successive plane. The
structure itself then introduces an alternating anisotropy
in the cobalt sites.

Magnetically each cobalt is coupled a]ong the chains
thrbugh two Co—C]—Co:bonds. This is the strongest
exchange path with Jb/k = 15.4 K. (b denotes the
crystallographic b direction and also the chain -

direction.) This interaction is ferromagnetic, as is the




O Co  Cl 0 H20

Figure 1. The cobalt-chloride chain of CoTAC with the a axis perpendicular to
the drawing.



Figure 2. A simplified view of CoTAC looking along the chain direction.

Lines represent the orientation of the water molecules. Arrows on

the left and right represent two possible spin orientations with
respect to the waters.
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next strongeét.cbupliﬁg in the ¢ axis direction. Since
this exchange is through hydrogen bonds with the HZO
Tigands, the coupling is much smaller; Jc/k = 0.1 K.
There is vjrtua11y no direct exchange bath in'the third
direction and J/k = -.01K is smaller still. This
exchange is negative, therefpre‘the overall 3-dimensional
ordering is antiferromagnetic. The critical temperature
is TC = 4.2 K. The antiferromagnetic or easy axjé is
along the c¢ direction. The a axis shows weak
ferromagnetic behavior indicating that the spins are
canted away from the c axis in the a direction;“The?e are
two ways.in whicﬁ the spins may be canted with respect to
the symmetry of the cobalt sites. They may orient either
near the water axis or near the chloride plane aé shown
respectively on thé right and left of Figure 2. The b
axis susceptibility is véry small indicating that the
spins are confined to the ac plane. ~The suscgptibi]ity
data was fit to the one dimensional, S = 1/2, Ising model

2,3 The c-axis (easy axis)

for the ¢ and a-axes.
suscepfibiiity is given és o
X - (Ng?ug?/aKkT)exp(20/kT) (1)
and the b-axis or perpendicu1ar susceptibility is given.as'
| X = (Ng2u82/8d)[fanh( J /kT)sechZ( J /kT)]. (2)

The standard Ising model, however, could not fit the

a-axis susceptibility because of the ferromagnetié canting
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in - this direction. Instead the expression

- 2. 2.+ _ 2 _ 2 '
X = Ng“up“(T - T )/[4k(T T.%)] : (3)
for a weak ferromagnet -was used.t ‘NMR studies by Spence
and Botterman®

predict the canting angle to be about 10
degrees from the ¢ direction. They also shbw a transition
at about 60 Oe from an antiferromagnetic‘to paramagnetic
state along the ¢ axis, making this compound é metamagnet.
Further ac susceptibf]ity measurements by Groenendijk6 and
van Duyneve1'd’c.6.’7 confirm the metamagnetic behavior and
refine the value of the zero fié1d canting angle to be 22
degrees. The deuterated form of CoTAC was also
investigéted by Groenendijk et a1.8 in order to determine
_the effect on the Ja exchange constant which operates
through the hydrogen bonds. Howevér, only a 6% change in
Ja was found in this case.

NiTAC is nearly identical structura]]y to CoTAC as
determined by 0'Brien et a}.g The'reported magnetic
parameters are also similar with Te = 3.7 K,'Jb/k = 14 K,
Jc/k = 0.07 K and Ja/k = -0.006 K as reported by

10

Hoogerbeets et al. The spins are again confined to the

ac plane with a canting angle of 21 degree from the c
diréctionl Further EPR studies by Hoogefbeets et,a].11
confirm the ¢ axis to be the easy axis and b to be the

hard axis.
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The structure of MNnTAC was determined by Caputo et

a1.12 13

and by Depmeier and K]agka and is also isomorphic
to the cobalt and nicke] analogs. In contrast to these,
however,- it has antiferromagnetic coupling along the
chains with a Neel temperature'of Tn = 4.1 K as determined

1.14

by Simizu et a The phase diagram for this compound

near the bicritical point has been described by Megy et
a1, 1®
The structure of CuTAC was determined by Losee et

16

al. and is similar to CoTAC except that the bibridges

are assymetrical and CuTAC's crystallographic space group

js different. Stirrat'et a1.17

found a very weak coupling
along the cha{ns with J/k = 0.85 K and T_ = 0.165 as |
refined by Algra et a1.18 Ritter et a1.19 have determined
the isotropic symmetric, dipolar, anisotropic symmetric
and antiSymmefric exchange parameters from epr
measurements.

FeTAC was investigated by Landee et a1.20

with Te =
3.28 K. The spins are Ising-like and 1ie along the chain
axis. The one dimensional ordering is fer?omagnetic with

an overall three dimensional antiferromagnetic ordering.

Previous Work on Mixed MTAC Systems

Some‘work on mixed MTAC systems has a]ready been

published. Schouten et a1.21 reported heat capacity
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measurements:on--CoCuTAC. Since the transition temperature
of CuTAC is so Tow, 0.157 K, cdpper is expected fo
resemble a diamagnetic impurity and Tower the,transjtion
temperafure of CoTAC as the concentration is 1ncrea§ed. .
It in fact does this but not with the slope that m%ghf be
expected. This system is bést described as a bond
impurity system in which three values of the coub1ing
constant, J, are used. The best fit is to JIH = JHH and
JII.f O;OZQHH. Using'Schouten's nomencjature JHH’ JII and
JIH refer respectively to coupling between two nearest
neighbof cobalt atoms, two copper atoms and one cobalt and
one copper atom. Thé,subscript I refers to the Ising
‘character'of cobalt and H refers to the Heisenberg

character of copper. The value of JIH disagrees with the

A . . . 1/2 ‘
usual approximation Jiy = (JIIJHH) , and a much closer
fit is found by Tletting JIH = JHH'

Some magnetic resonance work on MnCoTAC has also been

22 and by Phaff et a1.23 They

- done by Matsubara et al.
find a 1imiting of the spin diffusion rate as more
manganese is added to the crystal. This indicates a
decreased coupling between manganese and cobalt, or using
the nomenclature 1ntrbduced in fhe previous pafagraph, JIH
is mucH less than JHH or JII'in this system. This is not

a surprising result since the cobalt and manganesé easy

axes are not in the same direction.
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Susceptibility and remanence studies have been done
on MnCoTAC for small manganese concentrations by

Cheikhrouhou et 61-24

They find spin glass behavior in
this system for very Tow mangénese concentrations. For
2.9% Mn, Tg = 3.6 K and for 9.3% Mn, T, = 1.76 K.

Magnetization measurements on powder samples of

25 sysceptibility |

CoNiTAC haveAbéen done by Raffaelle.
as a function of temperature was found for CoNiTAC with
various nickel and cobé]t metal percentages. Graphs of
1/X versus T'give straight lines at high temperatures
‘which when extrépo1ated intersect the temperature axis at
the Curie temperature, TC, For all mixfurés the value of:
TC was between 4.5 K and 4.1 K with a slight lowering as
the nickel percentage was increased.

Two types of ‘experiments were performed to determine
the field dependence of the magnetization. The first
method was to cool the sample from above'Tc in a field of
2000 Oe, then reduce the field to 13 Oe and take
measurements as the temperature was increased. For
cdntrast, measurements were then taken in 13 .0e as the
femberature was decreased froﬁ/above TC.'vA'more standard
field cooled and zéro field cooled set of curves were also
Qbfained. In this case the sample was coo]éd in zero

field (H < 4 Qe), the field was then set to 50 Oe and

after waiting 3 minutes measurements were taken as the
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temperature‘waS'raised.‘ This results in the ZFC or zero
field cooled curve. The FC or field cpo1ed curve was
obtained by lowering the temperature from above TC in an
applied fie]d'of 50 Oe and taking meaéurements. The
susceptibilities separate below a temperature, Tg for the
field cooled versus zero field cooled curves. |

By doing thermoremanent magnetization studies at
various températures Tg was also determined by the
temperature at which there is no longer a TRM. A graph of
the TRM versus temperature for various-waiting times is
shown in Figure 3 for a 65% Ni sample.2®
| Usiﬁg these values of Tc and Tg a preliminary
magnetic phase diagram of temperature versus mole fraction
of nickel.was constructed. The phase diagram has been
" refined in this wgrk'by correcting the values of the

nickel concentrations and by adding more data points to

the diagram.

Mu]ticriti¢a1 Points

A tricritical point occurs in a magnetic phase
diagram where two second order phase transition lines meet
with a line of first order phaéé transitions. The classic
example of th1§ is seen in the field versus temberature
phase diagram of an antiferromagnet. The tricritical

point occurs where the second order paramagnetic to




120 a

T(K)

Figure 3. Thermoremanent magnetization (I kOe initial field) versus
temperature for various waiting times in the 65% nickel sample.
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"antiferromagnetic and paramagnetic to spin flop lines meet
with the firﬁt ordef antiferromagnetic to spin flop line.
A tetracritical point occurs where'four Tines of secénd
order phase transitions meet or eduiva1ent1y where two
lines of second order phase transitions cross.
Multicritical points not only occur in temperature versus
field phase diagrams but also in- temperature versus
composition phase diagrams where there are two competing
interactions. How critical lines come together at a

tetracritical point is of interest theoretica]]y,27'3o

and
it is predicted that they should meet tangentially and not
at an angle. ' |
An example of this can be found in the teﬁpérature
versus compos{tion phase diagram‘of two antiferromagnets
with different easy axes. A representation of this type
of phase diagram is shown schematically in Figure 4 and
would be appropriate for a system such as
31

1-x) g 2H,0.

each have transitions from a paramagnetic to

Fe( CoXC1 The pure iron and cobalt compounds
antiferromagnetic phase as temperature is lowered, but the

easy axes are in different directions due to differences

l_ in anisotropy between iron and cobalt. A new phase lies

between these two antiferromagnetic phases and represents -
a spin alignment which is in an intermediate direction.

This. mixed phase region is not characterized by a singTe'




MIXED
0 X 1

Figure 4. Sketch of a temperature versus x phase diagram with a tetracritical
point and a mixed phase region.
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1n£ermediate-direction but by»a gradual change 1in the épin
orientation. For a coﬁstant Tow temperature but with
increasing x, the spin direction remains constant until
fhé anfiférromagnetic to mixed phase boundary is reached.
The spin d%rectioﬁ then gradually shifts until the high X
orientation is reached and the second mixed to
antiferromagnetic phase boundary 1s~crossed; The
tetracritf§a1 point occurs where the four lines in the
'diagram meet. If'fhe competing anisotropy between the two
magnetic sites were made larger, the mixed phase wbu]d
become narrower until tﬁe critical lines came togéther to
form a single first order Tine with a tricritical point.
The 5-DA ‘and 7~DACuC14XBr4(1_x) systems will be discussed
in terms of a tetracritical system as illustrated in
Figure 4, however there 15 not 6n1y competing anisotropy
"but also a competing antiferromagnetic to ferromagnetic
competition. In contrast, the 1arge anisotropies in
CbNiTAC suggest a ve?y'narrow or nonexistent mixed phése

region.

Spin Glasses

Extensive reviews on the spin glass phenomena have
32 h33 34,35

been published by Anderson, Mydos , Fisher and

Binder and Young.36 The word "glass" as used here refers

to an amorphous or random system in which there is a
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"viscosity" 6r time dependent ‘change in some thermodynamic
variable. For an ordinary glass this corresponds to a
shape (volume) change with time when a pressure change is
introduced; for a ferroelectric glass this is a dielectric
susceptibiity change with time for a change in the_appfied'
electric field; and for a spin glass this is a change”fn
magnetization with time for a change in the applied
magnetic field.

Two propértiés are recpgnized'as necessdry but not
always sufficient ponditions to produce a spin glass.
First, there must be randomness in the'arrangemeht of at
Teast two types of spins, and second, there must be
frustration. Frustration results when two cdmpeting
interactions tfy to drive the spins toward diffefent‘
lowest energy states. For spin glasses there are three
common types of frusﬁration: magnetic versus non-magnetic
lattice sites, ferromagnetic versus antiferromagnetic
exchange and competing anisétropies.

Given the minimal conditions to obtain a spin giass,
one must then ask what properties must.such a system
possess to be called a spin glass. Again there are three

36 first, magnetic moments must be

fecégnized properties:
frozen in below a temperature, Tg, such that a cusp
results inlac susceptibility versus temperature

measurements at Tg; second, there must be magnetic
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"relaxation on_a macroscopic time scale below fg when

there are changes in the magnetié field; third there is a
lack of long-range magnetic order. This third condition,
however, can be relaxed as in the CoNiTAC system presented
in this work in which the spin glass state occurs along
with a ferrbmagnetic state. The dc magnetization and ac

susceptibility data for CoNiTAC will be considered in

relation to the first two criteria.
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EXPERIMENTS

Sample Preparation and Analysis -

Many of the CoNiTAC'crysta1s and powders and the n-DA
powders were prepared for these experiménts by Professor
‘Kenneth Emerson of the MSU Chemistry Department. (n-DA is
used here as an abbreviation for the whole seriés of
.diammonium copper tetrach1oride§.) The rest of tﬁe
samples were prepared in this 1aborafory. In general the
metal halides and the ammoﬁium'ha]ides were disso]véd in
water such that the ratio of metal to amine was 1:1. The
metal ratio in the MTAC compounds and the halide ratio in
‘the n-bA compounds were adjusted to obtain the various
mixed compounds. One drop of cbhcentrated HCT was added
to each MTAC solution since an acidic solution was found

to increase crystal size in NiTAC.8

The solutions
were allowed to evaporate undisturbed and the resulting
precipitates wére removed by filtration.

The MTAC crystals formed do not contaih the same
metal percentages as the solutions from which they were
prepared. The metal percenfages in MnCoTAC and MnNiTAC

samples were obtained from graphs of manganese as percent

of total metal in solution versus molie fraction manganese
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in the crystals as determined by Lindbeck.37 The metal
percentages in CoNiTAC were determined by atomic
absorption ana]yseé for cobalt and nickel. Analyses were
commissioned-from_the MSU Agricultural Analytical Lab aﬁd
from Galbraith Laboratories. Using these results, a'graph
of nickel as percent of total metal in the preparative
solutions versus mole fraction nickej in the crystals for
CoNiTAC was obtained and is presented in Figure 5.
Scatter in the data points in Figure 5 is not due to
errors in the percent nickel in the solutions or the metal
analyses of the crystals and sb must be attributed to
random variations in how the crystallization takes place.
The slope of the curve in Figure 5 is not as steep as the
curve determined by L1'ndbeck3.7 and again may be a
result of the method of preparat1on

Sma11 crystals of CoNiTAC we1gh1ng up to 0.3 mg were
obtained.from the initial preparations. Because of the
* large, low temperature magnetic moment of,CoNiTAC,'this_
small size was sufficient for magnetic measurements. The
crystals are_unfform-in appearence and the three ‘
crysta11ogrdphic axes are easily identified visually. The
cryéta]s are'need1e-1ike with the 1qng axis being be
b-axis. They are d]so dichroic and are purple to brown

.when 1ookéd at along the c-axis and green along the

a-axis.
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Figure 5. Percent nickel in the solutions used to prepare the mixed C0N1TAC
samples versus percent nickel in. the resultant crystals.

1¢




22
A constant  temperature and humidity béx.was bui]t in
drder tp grow crystals of the n-DA compounds by slow
evaporation. Several crystals of 7-DA weighing about 5 mg
were obtained. While these crystals are smaller than was
hoped for and of a very poor quality, some information

could still be obtained from them.

The Vibrating Sample Magnetometer

Most of the measyrements which will be'reported were
obtained using a vibrating sample magnetometer. Since
magnetization is also a function of applied field and
temperature, our apparatus consists of several other
subsystéms in addition to the magnetometer itse]f._ These
in¢lude an electromagnet with field control, a cryostat
with temperature measurement and control capabitity and a
bomputér interfaced to these other systems.

The classic design of a vibrating sample magnetometer

38 OQur magnetomefer is however a

was developed by Foner.
commercial model, specifically an EG&G PAR model 155. A
mechanical assembly vibrates a'rigid sample rod at a
frequency of 82.5 Hz (60 Hz and its harmonics are avoided
because of power line noise). The sample in queétion is ~
- moﬁnted at the lower end of the sample rod which is

usually situated between the coils of a magnet. The lower

portion of the rod is made of non-magnetic materials to
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“minimize background signals. As the sample vibrates it
%nduces an ac cqrrént in pick-up coils mounted nearby.
The ac signal from the samp1e.hés a frequency of 8é.5 Hz
and an amp]itude:proportidnal to the.magnetization of the
sample and to the ahp]itude of the vibration. Charged
capacitor plates for-which the air gap changes with the
vibration provide a standard so that the detected signé]
can be made independent of vibratibna] amplitude. The
signal thén passes'through a phase sensitive detector and
the resultant magnetization is displayed in emu. The
magnetometer is ca]fbrated with a nickel standafd for
which the saturation magnetizafiqn per gram is well known.
The apparatus is equipped with a Janis Model 153
liquid helium cryostat made specffica]]y for magnefoheter
measurements. Béfore a déta collecting session the
éryostat reservoir}is_fi]]ed with jiquid helium. The
helium is then metered through a needle valve and
vaporized by a variab]g heater. The helium gas flows by
the sample and the temperature of the sample is controlled
by regu]ating fhe flow rate and the heater current.
Temperatures from 300 K to 4 K can thus be achieved. By
pumping on the sample chamber, the temperature of the

helium gas can be reduced so that temperatures down to 1.7

K can be attained by this cryostat.
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The temperature is monitored by carbon QTass
resistance thermometry. The carbon g]aés resistor is
mounted.on‘the sémp1e rod as close to the sample as _
possible. A we]]hqontroj1ed cufreht is passed through the
resfstor andithe voltage drdp across the resistor is
measured in order to determine its.resigtance, and then
from a ca]ibration-chart the témperature is defermined.
Carbon glass is used for the sensor because of two
importaﬁt properties. The resistance changes are. large at
low temperatures making the thermometer sensitive tdi |
changes of less than one millikelvin at 4 K. Also, the
resistance is very insensitive to the magnetic fields
which must be apﬁ]ied to make magnetization measurements.

.The magnetic field is generated by a Wa1k¢r/Magnion
laboratory electromagnet with a 3 1/2 inch pb]e gap. The
magnet is powered by a Bridgewater, bipolar power supply
which supplies currents of -25 to +25 amperes. In the
magnet pole gap this corresponds to fields of -5500 to
+5500 Oersted. The power supply is bipolar which means
that the field can be swept continuously from positive to
negatiVe values without mechanical switching. This is

impdrtant for low field measurements (below 50 0e) and for

obtaining hysteresis Toops which need to be scanned
through zero field. A Bell Model 160 Gaussmeter monitors

the applied field.
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The experiment can be computer controlled through én‘
Apple IIE computer and an IEEE bus t6 a EG&G PAR model 145
VSM interface. 'The interface has two inputs wﬁich record
the field being mgasured on the gaussmeter aﬁd the
magnetization displayed on the magnetometer's panel meter.
There is also one output for remotely eontro11ing fhe |
applied magnetic field. As é future improvement to this
apparatus, a direct fEEE lTine to a digital voltmeter is
being considered so that temperat@re can also be récorded
directly by the computer. Other hardware for data output
from the.computer includes a IEEE interfaced Houston
Intruments DMP-40 Plotter and a parallel interfaced
printer. A1l data are also stored on 5 1/4 inch floppy
disks for archival purposes. ' |

The software supplied with the magnetometer system is
unfortunately not suitable for'the type of measurements
done in thié laboratory. A set of routines has been
-written to allow one to utilize the time saving power of
computer storage and retrieva].' These ‘programs are
written in modules and include: A menu program for
initiating other opfions; ﬁagnetometer Qperafion programs
for setting.the magnetic field, coT]ectihg magnetization
versus temperature and collecting magnetization versus
field; output programs for printing data files and for.

plotting data and theoretical Tines; and manipulation
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programs for -converting carbon g]as; resistance values to
temperature; modifying data sets and fitting data to |
theoretical ﬁode]s. |

A11 data fitting was done by compﬁter using the
simplex m\e’crilod.39"40 For n parameters an n-dimensional
space is set-up. (n + 1) guesses are .made for a best: fit,
and these guesses form the corners of a simplex (a simplex
being defined as a figure in an n-dimensional space having
n+l vortexes).. By calculating the standard deviation for
these points, adjusting the simplex and recalculating
repeatedly, the simplex moves and contracts until {t

converges on the best fit.

Measurements on CoNiTAC

Magnetization Versus Temperature
Measurements .

In addition to samples previously studied,25

- powder samples containing 50, 53, 58, 60 and 65 percent
nickel were examined in order to detefmine their
antiferromagnetic and spin glass transition temperatures.
The powder susceptibility versus temperature curve for
both zero field cooled and field cooled runs for the 53%
sample is shown in Figure 6. At-1ow temperatures the
upper set of data represents the field cooled curve, and
the lower set of &ata.represents the zero field cooled

curvé. Thé temperature at which the curves join is the
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Figure 6. Magnetization versus temperature at 50 Oe for a powder sample
containing 53% nickel. Both zero field cooled and field cooled
curves are shown.
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spin glass transition temperature. The antiferromagnetic
transition temperature is determined es the point of
steepest slope as temperature islincreased. These values
in conjunctioﬁ with previously determfned values were used
to construct the CoNiTAC phase-diagram which will be
presented and discussed in a subsequent chapter.

| Single crystal samples of CoNiTAC weighing 0.1 to 0.3
ﬁg were measured with»megnetic fields applied along their
three crysta]ographic axes. Measurements were performed
in an field of 50 Oe in order to remain in the
ferromagnetic aﬁq antiferromagnetic regions at Tow
temperature and to avoid the high field paramagnetic
region. A Tower field was not used since sensitivity is
proportional to both the field and samp1e'size and the
sample size is aiready very small.

The b or chain axis which is the long axis
morphologically gave no measurable signal. This is
understandable since both CofAC and NiTAC have their spine
confined to the a-c plane. - Therefore no data is shown for
this axis and interest will be confined to the a-c plane.

Magnetization versus temperature from 2 to 6 K was
measured along the aland c axes for various nickel .
eercentages in CoNiTAC. Figures 7, 8, 9 and 10 show the
megnetizationrvereus temperatere e1ong the a and c axes

for 30, 36, 44 and 58 percent nickel. 1In all, 14 CoNiTAC
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Figure 7. Magnetization versus temperature at 50 Oe for a single crystal of
CoNIiTAC containing 30% nickel. Triangles are for the c axis
(antiferromagnetic) and circles are for the a axis (ferromagnetic).
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Figure 8. Magnetization versus temperature at 50 Oe for a single crystal of

CoNiTAC containing 37% nickel. Open circles are for the c axis
(antiferromagnetic) and solid circles are for the a axis
(ferromagnetic ).
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Figure 9. Magnetization versus temperature at 50 Oe for a single crystal of
CoNiTAC containing 44% nickel. Triangles are for the c axis
(antiferromagnetic) and circles are for the a axis (ferromagnetic).
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Figure 10. Magnetization versus temperature at 50 Oe for a single crystal of
CoNiTAC containing 58% nickel. Triangles are for the c axis
(antiferromagnetic) and circles are for the a axis (ferromagnetic).
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,-samp1es'with'n1cke1 bercentages ﬁahging from 30% to 70%
were measured. fhe four -results shown are representatiQe
of all samples studied. In some Cases; while fhe»
transition temperatures could bé_obtained, the data
contained substantial noise due to the small size of the
cfysta]s used. In Figures 7 through 10, open circles
represent the ¢ axis and c]oéed circles represent the a
axis suéceptibi]ity. The C'(ea;y) axis show§ an overall,
three dimensional, antiferromagnetic brdering,.whi1é the a
axis shows a ferromagnetic order%hg due to spin canting in

this direction. This is similar to the results found for

1 10

CoTAC" and NﬁTAC. Figures 7 and 9 show a drop in the a-
axjs‘susceptibi1jty at low temperatures éwing toAsma11_
crystallites which were attéched to the main crystal but
misaligned with respect to the axis uﬁder considération.
Nevertheless, the transitjon teméeratﬁres‘can still be
determined from these graphs. The data are a combination
of field cooled and zero field cooled data, and therefore
show a sepgration in the data below Tg., This 1is
the history dependence of the sample while in the spin -
glass state. These separations~are,'however, not uniform
and.Qistinct, and so they could not be studied
quantitatively. A c1ose compariéon of. the 30, 36 and 44
percent samples with the 58 percent samp]é'shows that the

transition temperature is slightly lower in the latter
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cases. Thjs‘ﬁndicafes 1owerihg of the transition
temperature near the tetracritical point as describéd
later with respect to the temperature versus composition
phase diagram. The ferromagnetic transition temperature
has also been seeﬁ to shift with respect to the
antiferromagnetic transition. For the exaﬁp]es shown
here, the ferromagnétic transition shifted s]igﬁt]y Tower
in the 58,pefcent nickel sample ahd sTighf]y higher in the
30 and 44 percent samples. A careful examination of this
. effect in many samples revealed no corre]ation‘with,the
composition of the samples and thus no explanation for
this shift is conclusive.

Magnetization Versus App]ied
Field Measurements

_ Figures 11 and 12 are p]oté of magnetization versus
" applied field along the ¢ axis at 3 K for the 37% and 58% .
nickel sampies, respectively. The magnétié field was
scanned from +1000 Oe to -1000 Oe and then’back to +1000 .
Oe. As expected there is no hysteresis 1in the
magnetization along this axis. In fact, for most of the.
curve in Figure 11 it is not even evident that
‘measurements were taken with both increasing and
decreasing magnetic field. Figure 12 shows a small
separation in magnetization for Tow fields, but by

repeating the experiment with an empty sample holder, this
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Figure 11. Magnetization versus applied field for a single crystal of CoNIiTAC
containing 37% nickel and oriented along the c or
antiferromagnetic axis.
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separation was found to be due to the magnetometer and not
the sample. The flat portion of the curve near zéro field
is where the samples are in their antﬁferromagnetic phases
with antiferromagnetic to paramagnetic transitions at |
about 200 Oe. This is sfgnificant1y higher than the
-metamagnetic transitions which for pure CoTAC and NiTAC
are at about 60 Oe. This higher field transition probably
reflects the frozen nature of the spins at this
temperature. “

Figures 13 and 14 are plots of magnetization versus
app]ied-fie]d along the a axis at 3 K for the 37% and 58%
nickel samples, respectively. They show steep .
ferromagnetic curves which saturate at ébout 100 Oe. The
- field was scanned from +200 Oe to -200 Oe and then back to
+200 Oe. The upper set of data is for decreasing field
and the Tower set for an increasing field. Within-
experimental error, the hysteresis 106p-1n this compound
is Tess than 10 Oe wide. This indicates that these are
very soft magnetic materials and that domain pinning is
not very effective even fhough two kinds of metal sites
are mixed. Long relaxation times which were observed in

the ac susceptibility are discussed in the next main

section. They most Tikely result from the spin glass

phenomenon rather than ferromagnetic domain pinning.
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Figure 13. Magnetization versus applied field for a single crystal of CoNiTAC
containing 37% nickel and oriented along the a or ferromagnetic
axis.
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The 37% and 58% nickel samples have Been used as
.examplés since all the magnetization versﬁs applied field
show nearly identical re;u]ts. Magnetization versﬁs field
‘curves obtained for both the a and c axes for nickel
percentages 6f 38, 42, 44, 54, 59 and 64% are therefore
not shown explicitly.

Thermoreménent Magnetization
Data

Sing]e cr&sta] samples of CoNiTAC were also examined
fof the?moremanent magnetization (TRM);_ A magnetic fieid
.of 1000 Oe was applied above Tc and fhen the
temperature was 1owered.tb 2.4 K. When the field wag tHen
removéd, the dgc?ease in the magnetization was honitored.
A1ong-fhe antiférromagnetiq (c axis) diréctién the
magnetization dropped to zéro within a time‘equa1 to the
response time.of the magnetometer indicating no TRM in
this direction. ATong the ferromagnetic'(a axié)
‘difection a much Tlonger time wéﬁ necessary for the
magnetization to stablize, as expected for the TRM effect
found in spin g1as§e§. Therﬁoremanent hagnetizatioﬁ was
‘therefore only observed in the ferromagnetic direction. |
Because of the weak sigha]s bbtained'from the small éihg]e_
crystals, no good quantﬁtativé measurements could be made.
However, because the b axis magnetization,ié always very

small, and the c axis magnetization as shown in Figures 11
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and 12 is near zero at iow f{elds, TRM measurements on
powder samples are in effect measufemehts of the a axis
magnetization.

The TRM versus timé was therefore examined for
' CbNiTAC powder samples for which larger sample éizes
allowed quantitative results to be obtained. TRM versus
time was examined in detail for 34%, 58% and 72% nickel
and for temperatures between 2.4 and 3.2 K in order to
determiﬁe the functional form of the decay of the
magnetizationf A field of 50 Qe was qpp]ied above Tc’
temperatufe was Towered at a rate of about 0.05 K/sec, the
system was allowed to stabilize at the désired temperature
for aboﬁt 30 sec, and the field was switcﬁed to 0 £ 0.05
Oe; TRM versus time for the various temperatures is shown
in Figures 15, 16, and 17 for 34%, 58% and 72% nickel,
respectively. ‘The~so1id lines are fits to the data and
will be considgred in the discussion section. Because of
a mechanical delay of 5 sec in lowering the field to zero
and a 1 sec time coﬁstant in the magnetometer, data for
times shorter than 10 sec could not be taken with .

confidence.

AC Susceptibility of CoNiTAC.

Since a cusp in AC susceptibility is one of the major
criteria for labe1ling a material as a spin glass, AC

susceptibility measurements in zero field on several of
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Figure 15. Thermoremanent magnetization versus time (50 OCe initial field) for
the 34% sample at 2.4, 2.6, 2.8, 3.0 and 3.2 K. The solid lines
are fit to a stretched exponential with a constant offset.
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Figure 16. Thermoremanent magnetization versus time (50 Oe initial field) for
the 58% sample. The lines from top to bottom were taken at 2.4,
2.6, 2.8, 3.0 and 3.2 K. The solid line are fit to a stretched
exponential with a constant offset.
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Figure 17. Thermoremanent magnetization versus time (50 Oe initial field) for
the 72% sample. The lines from top to bottom were taken at 2.4,
2.6 and 2.8 K. The solid lines are fit to a stretched exponential
with a constant offset.
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the CoNiTAC mixed crystals have been carried out.
Differential suscéptibi]jty measurements were berformed by
using a mutual-inductance bridge’which in turn utilizes a
SQUID (suﬁerconduéting quantum interference device) as a
null detector. THe amplitude of the excitation fje1d~waé
approximately 0.0075 Qe, and the frequency of excitation
was either 80 or 160 Hz. HA magnetif shield surrounded the
liquid helium dewar in order to eliminate the effects of
.externa1.fie1ds. A superconducting, lead shield wa§
placed in the helium dewar to further shield the
measurement coi]é surrounding the sahp]e. Siné]e_crysta]s
weighing approximately 0.3 mg were mounted with their a
and then their c axis parallel to the excitation and
measureménf coi]é. The temperature'of the sample was held
at 6 K.(in the paramagnetic phase). After the system had
stablized, the temperature was sléwivaowered through the
transition temperature while temperature and
susceptibility were recorded on an x-y plotter.

Figure 18 shows the results for a CoNiTAC crystal
with 49% Ni at an excitation fréquency of 80 Hz.. The

dashed Tine is the c¢ axis susceptibility. Since this is

the easy or antiferromagnefic axis, as temperature is
lowered there is a rise in the susceptibility followed by
a decrease as TC, the critical temperature for ordering,

is reached. This indicates normal three dimensional




Figure 18.
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Susceptibility versus temperature for a 49% Ni sample of CoNiTAC.
Solid line is the real part of the susceptibility along the a
axis. Dashed line is the real part of the susceptibility along

Cc axis. Dotted line is the imaginary part of the susceptibility
along the a axis.
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ordering and the DC magnetization data of Figures 7
throughwlo follow this shape quite closely. The
quadrature or ouf—of—phase component of the susceptibility
along this axis was essentially zero (1éss than one R
percent of the in-phase componeht). These measurements
are consistent with no TRM having been seen along this
axis in the magnétization-measyrements.

The zefo field, a axis EUScept1b11ity, which is
illustrated in Figuré 18 with a solid Tline, shows'a quite
different behavior. As tempefature is iowered the
susceptibi1fty increases rapidly and then sharply
decreases as the glassy phése is eﬁtered.' Notice that the
temperature axis spans a very narrow temperature range,
and therefore the peak in fhe susceptibility is indeed
quite narrow. Magnetization measurements (see Figures 7
to 10) on the other hand show a sharp rise as temperature
is initia]]yﬁlowered but then gradually level off to a
large magnetization at Tow femperatures. 'That:p1ateau is
a signal about twice the size of the ac susceptibility
peak as defermined bylcomparison With the ¢ axis signé1sf
In the AC experiment the spﬁns are frozen and cannot
nespohd to a rapidly oscillating field, thus the measured
susceptibility diminishes abruptiy when the spin glass
region-is entered. This is reflected in the ﬁTow’change

'in magnetization when measuring TRM. The sharp peak in
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the susceptibility is in contrast to pure CoTAC for which
the AC susceptibiiity increases but then continues to Have
a large susceptibility in the,fegion of 3 to 4 K.1

The dashed 1ine in Figure 18 shbws the out-of-phase
component of the AC susceptibility. As the temperafure is
Towered, its value increases rapidly as the in-phase
component decreases, indicating that a re]éxafion process
is responsible for the decrease in the in-phase
susceptibility rather than a spin reorientation. In other‘
words as the spins begin to freeze, the orientation of the
magnetic moments lag behind the 80 Hz excitati&n field
decreasing the in-phase signal and increasing the
out-of-phase signal. As the freezing of the spins'
increases, both in-phase and qﬁadrature signals become
small since the spins are now too sluggish to respond at
all to tHe.SO Hz -oscillation.

Figure 19 shows the a axis susceptibility of 60%'Ni
at both 80 Hz and 160 Hz. Above the transition
temperature there is no frequency dependence. However,
below the transition temperature the higher frequenéy
decreases faster since the siow time constant for the spin
glass has more effect in this case. While a freqhency
dependence consistent with a spin glass is demonstrated, a
shift in the transition temberature as a function of

frequency characteristic of a spin glass is not seen.
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Figure 19. Real part of the susceptibility versus temperature for a 60% Ni
sample of CoNiTAC along the a axis. Solid line is for a frequency
of 160 Hz and dashed line is for 80 Hz.
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Since the SQUID pfobe is tuned oyer a small range of
freqﬁencies, and shifts in the transﬁtion temperature are
definite oniy for frequéncies measured over many orders of
magn{tude, the lack of a transition temperature shift is
not'surprising. .

In qonc]usion, the'AC suscéptibi1ity of the CoNiTAC
system is consistent with that expecféd of a:spin glass.
The spin glass behavior is also confined to the
ferromagnetic axis supporting the results obtained from

single crystal DC measurements.

EPR Measurements on CoNiTAC

Electron paramagnetic resonance (EPR) spectroscopy
can complement bulk magnetization measurements by yie]ding
information on the environment of individual spins.
Pafticu]ar1y magnetib anisotropy but also transition
temperaturés and exchange fields can be obtained from EPR.
Unfortunately, with the cobalt and nickel sites in close
oproximity spin-spin 'relaxation broadens the resonance
lines considerab]y for CoNiTAC making detailed analysis
impossib]e.‘ The half width of the line is about 500 Oe at
300 K, but no information about the spin anisotropy could

be obtained between 4 and 300 K.

MnCoTAC and MnNiTAC Magnetization Measurements

‘Magnetization versus temperature data were obtained

for various mole fractions of nickel or cobalt in MnTAC.
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As more cobalt or nickel was added fo MnTAC, the
transition temperature became very low and then eventually
increased again as pure CoTAC aﬁd pure NiTAC compositions
were approachedf Because of the severe lowering of the-
transition temperature in the mixed systems, only metal
percentages around 100% Mn could be investigated below - i

T Although spin glass behavior has been reported for

24

N
low concentrations of manganese, no time dependehce and
therefore no spinlglass behavior was seen in these
mixtures due to the Tow témperatures of %he transitions.
Curie and Neel temperatures however can be determined from
the high temperature data. "
Plots of inverse suscepfibi]ity versus temperature
were found to be Tlinear excépt at very low temperatures
and were obtained from 2 K to 20 K. Figure 20 shows
examples of the data for 20, 30, 40 and 60 percent‘cobalt
in MnCoTAC and Figure 21 shows the data for 10, 20, 30 and
60 percent nickel in MnNiTAC. A1l data were Eo]1ected in
an applied field of 1000 Oe and then corrected for applied

field and sample size. A11 values have units of

moles/emu. The decrease in the slope of the Tines in

Fig@res 20 and 21! as manganese concentration is increased
is due to the larger, S = 5/2, spin quantum number for
mangahese. The Tinear region was extrapolated to 1/X

equals zero. The intercept of the temperature axis is the
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Figure 20. Inverse susceptibility versus temperature for MnCoTAC powders.
Mixtures containing 20, 30, 40 and 60 percent Co are represented
respectively by circles, squares, triangles and double triangles.
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Figure 21. Inverse susceptibility versus temperature for MnNiTAC powders.

Mixtures containing 10, 20, 30 and 60 percent Ni are represented
respectively by circles, squares, triangles and double triangles.
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Curie temberatute for 'a positive 1nterceﬁt and the
negative of the Neel femperature for a negative intercept.
The Té versus x phase diagram formed from these values

will be presented and discussed in a later 'section.

7-DA and 5-DA Magnetic Measurements

The magnetic properties of 5-DACuC14 were first
reported by von Kane]41, and the:magnetic properties .
of n-DACuCl, for n = 6 to 10 and n-DACuBr‘4 for n = 5

4z The

to 10 were first reported by Rubenacker et al.
structures of these compounds are expected to resemble the
structure of 2-DACuC14 which is shown in Figure 22 and
which is taken from Rubenacker et a1.42 Aé n is
increased, the unit cell remains qualitatively similar
except thét larger 1nterb1anar separations are obtained.
A11 these compounds form two dimensional planes of
ferromagnetically coupled spins. The exchange within the
two dimensional layers is through a nearly Tinear, single
halide bridge and because of Jahn—Te11ér splitting, it is

ferromagnetic.43

Near the ordefing temperature the weak
interplanar interactioﬁ determines the overall three
dimensional character of the compound. This exchange is
through a two-halide shper exchange bridge. For the
chloride series the weak, interplane coup1ing is always

antiferromdgntic for n = 2 to 9, while for ‘the bromide
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Figure 22. Unit cell of 2-DACuCl14 showing the positions
of the ions (except hydrogen). Some of the
CuCl bonds are included to help show the
"puckering™ of the layers.
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series there is a surprising alternation of the interﬁ]ane
éoup]ing. Fgr n greater than 4 the compounds behave as
three dimensional antiferromagnets for even n, but for odd
n they become three dimensional ferromagnets. This
alteration is shown in Figure 23 for n=54to 10.
Transition temperatures for both n-DA series are given in

42

Table 1. The result is that for 5-DACuCl,_ Br

| 4xBra(q-x) and
7-DACuC14XBr4(1_X) there is a competing ferromagnetic to
antiferromagnetic interaction, and it is therefore
possible in thése systems to have a mixed phase.region, a
tetracrftica] point, and perhaps even spin glass behavior.

One further note concerning 5-DACuBr'4 should be made.
The shape of the susceptibility curve shown in Figure 23
is quite unusual. Instead of the continual increase in
magnetization as temperature is lowered that wou]d be
characteristic of a ferromaénet, there is a plateau just
below the critical temperature before the magnetization
again begins to increase as temperature is lowered. This
could possibly be interpretted as a canted ferromagnetic
phase 1in 5;DACuBrj4 rather than a normal ferromagnetic
phase. |

The poWder.magnetic susceptibility versus temperature
was obtained for various mole fréctions,-x, in
5-DACUCT,Bry |, and 7-DACUCT, Br,(, \. The

susceptib]jty versus temperature curves for these systems
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IODA =

SDA ¢

Figure 23. Powder magnetic susceptibility versus
temperature data for n-DACuBr4 with n = 5-10.
Solid data points are referenced to the left
scale and open data points to the right scale.
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ére shown in Figures 24 and 25, respectively. From these
curves the paramagnetic to anfiferromagnetic and
paramagnetic to ferromagnetic transitions were obtained.
Also for intermedjate compositions, a second increase in
susceptibility was observed as temperature was lowered,
and from this feature the antiferromagnetic tb mixed phase .
transitions were obtained.
Table 1. Low temperature phases and critical temperatures -

for n-DACuXg (F = ferromagnetic ordering and
AF = antiferromagnetic ordering).

n X = C1 T .(K) X = Br - T _.(K)

c c
2 AF 31.5 AF 72
3 AF 14.9 AF 42
4 AF 8.9 AF 19
5 AF 7.6 F 12.2
6 AF 9.3 AF 13.0
7 AF 8.3 F 12.2
8 AF . 8.2 AF 12.6
9 AF 6.0 F 10.0
10 F 7.0 F 10.0

Crystals of these compoundvare small and very pbor;
however, some qua11ta£ive information can be obtained.
Susceptibility versus temperature data were obtéined for
'7-DACuc14xBr4(1_x5 with x = 0.24 and x = 0.35 both
parallel and perpendicular to the plane of the crystals.
The x = 0.24 data 1is shown in Figure 26. The compound

shows a mixed phase by behaving as an antiferromagnet when
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Figure 24. Susceptibility versus temperature for
5-DACuUCl4xBr4(i_x) with x = .12 (circles), .47
(squares ), .65 (triangles ), .76 (double
triangles ), and .88 (+1s).
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T (K)

Figure 25. Susceptibility versus temperature for
7-DACuCl4xBr4(i_x) with x = 0 (circles), .24
(squares), .35 (triangles), .47 (double

triangles ), .53 (x's), and 1.0 (+1s).



61
measured paraliel to stroﬁg]y coupled planes and as
ferromagnetic when perpendicular to those planes. Thus
the actual directions of the chloride antiferromagnetic
easy axis and the bromide ferroﬁagnetic easy axis are
found to be, respectively, parallel and perpendicuiar to

the strongly coupled planes of the crystals.
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(emu/mol)
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Figure 26. Susceptibility versus temperature for
a 7-DACuCl4xBr4(i_x) single crystal with
X = .24 both parallel (triangles) and
perpendicular (circles) to the ferromagnetic
planes.
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DISCUSSION

Phase Diagram of CoNiTAC

At high temperatures CoNiTAC ié in a paramagnetic
phase, and a§ temperature is lowered, it enters a canted
antiferromagnetic phase and then the spin glass phase.
Table 2 1ists the nickel perténtages and antiferromagnetic
transition temperatures for the powder CoNiTAC samh]es
studied. Also listed in Table 2 are the highest
temperatures at which thermoremanent magnetization was
observed. Those témperatures for each sampie were taken
to be Tg, the antiferromagnetic to spin glass
transition température. From the values in Table 2, fhe
temperature versus composition phase diagram shown in
Figure 27 was constructed. |

‘We have considered the possibility that thé observed
time dependenf behavior may be due to randbm fields.

44

Fishman and Aharony showed, for example, that random

fields are generated by uniform fields: in di]ute'Ising

antiferromagnets. The random-field problem45’46

glass theory47

and spin

time dependence can be associated with large free-energy

barriers whose minima-can disappear as the temperature and

are similar in that the irreversability and.




Figure 27.

Phase diagram of temperature versus x (mole fraction of nickel)
for CoNiTAC showing the paramagnetic, antiferromagnetic, and spin
glass regions.

3
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field-are varied. 1In the random field case the free
energy minima are associated with domain wall pinning at
impurities.
Table 2. Antiferrdmagnetic transition temperatures T_ and

spin gliass transition temperatures Tq for
various percentages of nickel in CoNiTAC.

% Ni T T Ref.

c g

0 4.135 a
21 4.14 3.5 c
34 4.12 3.6 c
42 4.14 3.6 c
50 4.14 3.55 d
53 4.18 3.75 d
56 4.10 3.75 c
58 4.02 3.9 d
60 4.08 3.75 d
65 4.18 3.55 d
68 4.10 3.4 c
72 4.10 34 c
100 3.6 b

Reference 6.

Reference 10.

Corrected values from reference 26.
This work.

0.0 T
— —

While random-field systems ake generally dilute
antiferromagnets, undiluted mixed magnetic systems have

also been described in terms of random fields. One

such example is Fe, .

48

CoxC1 as réported by Wong and

2

Cable. In that system time dependence was seen when the
sample was field cooled but not when zero-field cooled

with a magnetic field subsequently applied. This was
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interpreted as a domain state forming in the field-cooled
process, whereas in the zero-field process long range

ordering was obtained.45

In CoNiTAC no time dependence
was seen upon field cooling, but rather the time dependent
behavior resulted from magnetic fieid changes and also
caused a cusp in the ac susceptibility versus tempefature
at zero field. »The results on CoNiTAC.are therefore
discuésed in terms of a spin-glass system.

Both CoNiTAC and NiTAC have similar magnetic
properties at Tow temperatures. ‘That is, both are canted
antiferromagnetics with a net ferromagnetic moment along
the a crystallographic axis. The interactions which
produce the canted threeldimensional spin ;trucfures may
however'be quite different in CoTAC and NiTAC, and the
observation of spin glass behavior suggests that an
important difference must be present.

There are two ways in.which frustration may be
introduced and yet not change the observed magnetic
properties. The first mechanism is to describe CoNiTAC as.
a mixed canted antiferromagnet and canted ferromagnet.
CoTAC has a very weak antiferromagnetic coupling between
ferfomagneticaT]y coupled planes; however, the spins are
canted because of large sing]e-ion_anisotropy. We suggest

that a very weak ferromagnetic coupling exists between the

planes for NiTAC but, as before, the large single-ion
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anisotkoby forces ‘the canting of the spins and results in
antiferromagnetic behavior in theAé-direction. The
competition betweeﬁ the interpjanar ferro- and
antiferromagnetic "canting" coﬁ1d then lead to the
observed spin glass behavior. Such a chdnge in sign for
weak interplanar coupling accompanied by minor structural
.Change Has been observed by us in the diammonium

42 Qur

tetrachloro- and tetrabromoéuprate systéms.
suggestion fhat the ferromagnetic coupling'ié weak in
NiTAC is prompted by the single crystal data which
indicate a lower temperature forlc-axis antiferromagnetic
ordering above 60% Ni and a lower temperature for a-axis
ferromagnetic ordering below 60% Ni iﬁ the crystals.

The second mechan%sm fdr ihtroduction of frustration
is a compéting anisotropy. As illustrated in Figure 2
there are two ways in which the spins can align in a gﬁveh
sublattice and still give a canting angle of 20 degrees.
They can either align near the water ligands or near the
chloride ligands. Since there are two sublattices present
both spﬁn orientations are seen in both CoTAC and NiTAC
but it is not possible to dete}mine which orientation goes
witﬁ which sublattice for CoNiTAC. However, a system
similar to CoNTTAC, the mixed anisotropy system
NiXCo(l_X)C1ze§H20 described by Takeda and Matsura®® cén

be used as evidence for a different anisotropy preference
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betWeen cobalt and nickel. The pure nickel chloride and
'éoba1t ch]oridé are isomorphic and three dimensionatl
~antiferromagnets with éasy axes in the a-c
crysté11ograph1c plane. fhe easy axes are 115 degrees
apart, making thi§ a mixed anisotropy system. The metal
coordination sphere contains four water.mo1ecu1es and two
chlorides in a trans configuration. The cobalt-easy axis
is in the plane of tﬁe water molecules while the nickel
easy axis is in the metal chloride direction. If.tﬁe same
alignment preference is assumed for CoNiTAC, a frustration
is thus-introduced.

The uncertainties shown in Figure 27 are
approximately the size of the data circles so that the
ekistence‘of a tetracriticai or tricritical point and the
shape of the multicritical region cannot yet be confirmed
using this phase diagrém. The region in the diaéram whére
the TCP might occur is not well defined but appears to be
around.60% Ni (x = 0.6).

The spin g1as§ region is unusually broad, extending
from low to High nickel concentrations. We feel this is
caused by the pseudo-one-dimensional ﬁature of the
crystals. That 1s,'a smaller amount of nickel or cobalt
in an otherwise pure sample is necessary to introduce
sufficfent frustration along the chains to cause entrance

into a spin glass as opposed to a strictly three
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dimensional magnetic system. This type of very bfoad spin

glass region was also observed by DeFotis and Mantus50 in

CQ( )MnxC12-2H20 which {s.a1so a pseudo-one-dimensional

1-x
system although with considerably higher interchain

coupling.

Model and Fit of the TRM

TRM measurements have previously been fit empirically "

to a logarithmic decay51’52

= Mo[l - (1 - n)]n(t)] | (4)

of the form
M ru
in which t is the time and MO and n are constants. A
logarithmic dependence is oviously not appropriate at
short times and is thus an approximate form of the decay
only over some finite time interval.

Calculations based on the Sherr1ngton K1rkpatr1ck
mean- f1e1d mode]53 have predicted an a]gebra1c decay of
the form

- I-n .
M = M./t . - (5)

TRM . .
However, no data have been published supporting this form

of the decay.

54

Empirical fits to an exponental function of the

form

Mo = Moexpl-Clwt) /(1 - m)T (6)

TRM
"have been obtained. This type of exponental is called a

1-n

stretched exponental since t in the exponent
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effectively stretches out the exponental curve for large
values of t. 1In this form the relaxation frequency, w,
and thevexponental factor, C have’been made independent of
temperature throughout the spin glass region.s4 |
Temperature .dependence is found only in M0 and the
exponent n. The potential energy surface of a spin glass
in spin configuratioh space can be imagined as a Very

55 56 i1 which

complex function or as a fractal surface
there are many local minima and maxima. The configuration
of a group of spins travels through this space until it |
reaches a ground state minimum. Grassberger and
Procaccia57 found the number of ground gtate confﬁgurations
to be :

N, = F(thexpl-g(n)(wt) 1™/ (1 - )] ()
which in turn was fe]ated to the remanent magnetization,

M If it is assumed that the functions f(t) and g(n)

TRM*®
are constants, equation (6) and equation (7) have the same
* form and provide a link between theory and experiment.
Combining the constants in equation (6);yie1ds‘
| MipM = Moexp[-(t/tp)l'”]. o (8)
This form can be particularly instructive in that the
re1exation rate, 1/tp has been shown by Hoogerbeets et
a1.58 to vary exponentally with inverse temperature. This

temperature dependence has also been calculated by De
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Dominicis, et,a1u59 for time evolution of spin glass state
occupancies using mean-field approximations.

The stretched exponenth form of equation (8) was not
quite sufficient for the data from the CoNiTAC system.
However, by adding a constant M' to equation (8) in which
M' would represents the_zero—fie]d magnetizat{on expected
in a ferromagnetic system such as CoNiTAC é]ong fts a
axis, the CoNiTAC data c6u1d be fit quite well. The
entire time interval from 10 seconds to 300 seconds was
Fit. Thé magnetometer time constant is too long for times
shorter than 10‘seconds to be fit, and magnetization
changes become coﬁparab]e to the magnetometer noise for
times Tonger than 300 seconds: With this additiona]
constant equation (8) becomes

My = Moexp[-(t/tp)l'”] ¥ ML (9)
MO was chosen so that MTRM at t equals zero was the
initial magnetization before the field is switched off.

Even'though thermoremanent magnetization was seen

along only one crystallographic axis, it was still

possible to take advantage of the improved sensitivity of

‘a large powder sample over a small single crystal and to

use'powder samples to determine TRM. By using a field of
5OA0e for the fie]d cooled starting point of the TRM |

measufements, the b and c axis contribution§ to the

magnetization can be estimated and then ignored. At all
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times the magnetization along the'b'axis was very small
and below the resolution of the magnetometer. The c axis
magnetization wis zero at all fields below 50 Oe as can be
seen from Figures'7 through 10. The powder magnetization
was thus a measure of the a axis TRM when field cooling in
50 Oe. |

Since the value of M  was fixed by the zero time value
of the magnetization, three parametefs tp, n and M' must
then be fit to the experimental data. The three paraﬁeters

t n and M' were then determined such that the mean

D’
.square deviation between the model and the experimental
data was minimﬁzed. The values of these parameters are
Tisted in fab]e 3 for njcke1 concentrations of 34, 58 and
72 percent and temperatures of 2.4 K to 3.2 K.

Also, from Table 3 it is clear that there is a
temperature dependence to the relaxation time. Therefore
in an attempt to classify the spin glass region as a
function of x, we have made a rough fit to the model of
relaxation proposed by Héogerbeeis,‘Lou and Orbach58 for
Ag:Mn. Their model .is consistent with an exponential
distribution of independent, random free-energy levels
that are assumed to exist in the spin glass phase. 1In
this case the expression for relaxation 1is wriften
| 1ty = A exp[-c(Tg/T)]. ‘ “ (10)
A plot of ]n(l/tp)'versus Ty/T from Tables 2 and 3 does
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not show a straighf line so that A and c are not constant
over oﬁr range of temperature, nevertheless there is a
definite tendency for_faster relaxation as temperature
increases.
Table 3. Best fits of the parameters ty, n and M' to

Equation (9) for TRM measurements at the given
temperatures and nickel concentrations.

% Ni T(K) tp n M!
34 2.4 38.8 0.644 265
34 2.6 12.7 0.610 214
34 2.8 4.43 0.657 161
34 3.0 2.80 0.607 135
34 3.2 1.91 0.589 . 105
58 2.4 13.2 0.524 324
58 2.6 5.57 0.639 262
58 2.8 2.42 0.670 221
58 3.0 2.94 0.563 - - 189
58 3.2 2.60 0.445 149
72 2.4 22.5 0.427 127
72 - 2.6 5.32 0.514 69
72 2.8 2.51 0.493 41

Our very rough values from these plots yield a value

for ¢ 9 over the entire range of x and values of

4 1

A =2 x 10" sec " near the edges(x = 0.26 and 0;72):and

5 sec'1 for x = 0.58. These numbers indicate a fast

relaxation process compared to ¢ = 2.5 and a = 1073 sec!

1 x_10

for Ag:MnQ We find that the temperature dependence of M'
follows the behavior of T; that is, it is largest at Tow

temperatures, almost disappearing near Tg' Further, for
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a given temperature in the SG region, our numbers show a
tendency for the overall relaxation prbcesseé_to be faster
near the I'-edges" of the SG region where the systems behave

more like the unmixed compounds and slower in the center

where the mixture is more complete.

Spin Glass Dimensionality

The pseudo-one-dimensional characterization of thi§
compound refers to the fact that there fs_a strong
intrachain exchange with much smaller interchain exchange,
the weaker exchange allowing the system to‘order in three
dimensions. It is interesting to ask whether a particular
dimensionality can be associated with the spin glass
behavior in this compound. 'Grassberger and Procaccia57
find that a dimensionality of the diffusive space is
related to n of equatjon (9) by-

n=1-d/(d+ 2). ' o (1)
Since our values of n vary from 0.4 to 0.67, the
corresponding dimensionality d varies from 3 to 1;
respectively. CoNiTAC, as we have already considered,
seems to derive its frustration from the weak three
dimensional ordering. MnCoTAC ‘and MANiTAC should be
expected to derﬁve a frustration from thefr 1D
ferromagnetic—antiférromagnetic competition. That no spin

glass behavior is observed in these systems is consistent
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with a critical diménsiona]ify greater than one for the

development of spin glass behavior.

Phase Diagrams of MnCoTAC and MnNiTAC

Curie}and Neé] temperatures obtained for MnCoTAC and
MnNiTAC from inverse susceptibility plots are compiled in
Table 4. The upper portions of the phase diagfams for the
mixed MnCoTAC and MnNiTAC are shown in Figures 28 and 29.
As temperature_was lowered, the systems go from-the
paramagnetic region to. a one dimensional antiferromaghetfc
region on the left or high manganese sides 6f the graphs.
On the right side, the transition is from paramagnetic to
one dimensional ferromagnetic with overall three
dimensional antiferromagnetic behavior. No mixed phase or
spin glass phase was seen because of the low values of the
transition femperatures. The transition temperatures of
Table 4 were extfapoTated from the higher temperature
data.

These .results are not surprising since pure MnTAC has
an anisotropy along the chains that is perpendicular to
thatlin CoTAC and NiTAC. Also, MnTAC is a one dimensional
antiferromagnét. Note that the magnetic differénces are
a1ong‘the chain so that competition here will reflect one
dimensional effects rather than the overall weak three

dimensional effects in the CoNiTAC system.




Figure 28.

Phase diagram of temperature versus x (mole fraction of cobalt)
for MnCoTAC.

ot



Figure 29. Phase diagram of temperature versus x (mole fraction of nickel)
for MnNIiTAC.



78

Table 4., Curie and Neel temperatures for MnCoTAC and
MnNiTAC mixtures along with their corresponding
metal percentages. ‘

"% Mn % Co % Ni T (KR
100 ~4.1P
95 5 ~4.1
80 20 -3.5
70 30 -0.7
60 40 +0.3
50 50 +0.9
40 60 +2.5

100 +4.135°
90 10 S -4.2
80 20 -4.2
70 30 +0.2
40 60 +1.3
6

100 +3.

a) Tc is used here for either Curie (positive values)
or Neel temperatures {(negative values). :

From ref. 14, '

From ref. 1.

From ref. 9.

Q.0 T
~— — —

As previously noted Matsubara et a1.22 and Phaff et
a1.23 did spin resonance work on MnCoTAC and inferred
a lower Mn-Co coupling than the Mn-Mn or Co-Co couplings.
)

That the S term in the Hamiltonian has a low

Mn “Co
exchange constant is expected from the competing

~anisotropy.

Phase Diagrams for the 7-DA and 5-DA Compounds

From the powder magnetic‘suécéptibility data the

phase transitions from paramagnetic to antiferromagnetic,
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from paramagnetic to ferromagnetic and from
antiferromagnetic to mixed phase were.obtainéd for
5-DACUCT, Bry 4 _,, and 7-QACuC14XBr4(1_X>.‘ These values
are reported in Tables 5 and 6 respectively. While the
antiferromagnetic to mixed phase transitions were. readily
identified, the ferromagnetic to mixed phase transitions
"could not be seen in the powder sahp]es due to the Tlarge
ferromagnetic moments. The temperatare ver;ﬁs cdmposition

phase diagrams constructed from these vé]qes are shown in

Figures 30 and 31 respectively.

Table- 5. Transition temperatures for various values of x

in 5-DACUC]4XBY‘4(1‘X).
. . a

X Te(K) T, (K) Ty (K)
0.00 12.2

0.12 12.2

0.24 “11.4

0.35 10.8

0.47 10.6 8.8
0.53 10.5 8.3
0.65 8.7 6.5
0.76 8.4

0.88 8.0

1.00 7.6

a) In this tablie Tf, Tp and- Ty refer to paramagnetic to
ferromagnetic, paramangnetic to antiferromagnetic and
antiferromagnetic to mixed phase transition
temperatures, respectively.




Figure 30. Phase diagram of temperature versus x for 5-DACuUCI™xBr™"_x
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X

Figure 31. Phase diagram of temperature versus x for 7-DACuCI™Br M~
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Table 6. Transition temperatures for various values of x
in 7—DACuC14XBr4(I_X),

, a
X T (K) Ty (K) - Ty(K)

—
N
— -
O =N
s v o
O N

—OO0O0O0OO00OOO
. . L] .
B~
~
[ X Vo)
O

(o))

($,]
00 00 00 00 WO W W
L] L) L] L] L] L] L)
WP OO

a) In this table Tp, Tp and Ty refer to paramagnetic to
ferromagnetic, paramangnetic to antiferromagnetic and
antiferromagnetic to mixed phase transition
temperatures, respectively.

Both of these systems show four phases: paramagnetic,
ferromagnetic, antiferromagnetic and mixed phases. AThe
upper phase lines have a negative slope and are a meagure
of the two dimensional ordering temperature which
decreases as chloride ions are substituted for bromidé
jons in the ferromagnetic planes. .Because of the pseudo-
two dimensional nature of these compounds, the minimum-in
the 1ine of phase transitions which is predicted at the
tetracritical point for a three dimensional system and
illustrated in Figure 4 was not seen.

For 7—DACuC14XBr4(1_X) at low temperatures, the

system is ferromagnetic with the easy axis perpendicular
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to the two dimensional, ferromagnetic planes for x = 0.

At the ferromagnetic-mixed phase boundary, the spins begin

to cant away from perpendicular until at the
antiferromagnetic-mixed phase boundary the spins are
parallel to the plane and antiferromagnetically a]igned.
Almost the same conditions apply to 5—DACuC14XBr4(1_x)

except that for x = 0, the spins are already canted. As X

“increases, the point at which the canting:ang1e starts to

increase indicates entrance into the mixed phase.

From the'phase diagrams the position oflthe possible
tetracritical points.can be estimated. If they exist,
they would occur at x = 0.43 and T = 10.2 K for 5-DA and
at x = 0.32 and T = 9.8 K for 7-DA. The lower value of x
for 7-DA may be caused by the larger amine and therefore
larger separation between. the planes whibh may allow the
weak interplanar exchange to change more readily.

The question of why spin glass behavior was not seen
in the 5-DA and 7-DA systems where the frustration occurs
in the three dimensional ordering needs to be addressed.
In these systems, the ferromagnetism associated with high
bromide concentrations is not a property fntrinsic to the

bromide itself since fqr n =2, 3, 4? 6 and 8 nfDACuBr4

“has overall three dimensional antiferromagnetic ordering.

Instead the three dimensional ferromagnetic ordering for

5-DACuBr4 and 7-DACuBY‘4 must be due to a change,
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probably structural, 5nsthe superexchange path for the
weak interplane coupling. The "pucker{ng"'of the planes
illustrated in Figure 22 may then be slightly different
fbr 5-DA and 7—DACuBr4. In traveling across the phase
diagram from bure chloride to pure bromide this change in
the superexchange path 15 slowly introduced at all sites .
and thus the frustration necessgry.for a spin glass 'is not
developed.

Low Dimensional Mixed Systems: A Comparison

In CoNiTAC,_5-DACuC14XBr4(1_X) and.7-DACuC14XBr4k1_X).
the competing interactions are the weak three dimensional
interactions. The paraméghetic to ordered state
transition- temperatures remain relatively constant. It is
the one or two dimensional, ferromagnetic ordering that
determines the transition temperature, and that value
changes only s1i§ht1y with a change in cpmposition fér
these systems. This is in contrast to the MnCoTAC and
MnNiTAC systems in which the competing interaction is the
strong one dimensional intefaétion. In those cases
instead of a relatively flat paramagnetic to ordered state
Tine in the phase diagrams, there is deep depression in
the center of the diagrams due to a frustration in the
main, or one dimensional,_order.

As discussed earﬁier, the absence of spin glass

behavior in MnCoTAC and MnNiTAC 1is cdnsistent with a
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critical dimensionality greater than one since the
frustration herée occurs in the one dimensional‘ordering.
For the 5-DA and 7-DA systems, although the three
dimensional ordering changes from antiferromagnetic to
ferromagnetic as the composition is cHanged from pure
chloride to pure bromide frustration is not necessarily
introduced. As discussed above, small structural changes
may alter the exchange unifﬁfm]y‘rather than at randoh
sites and then no spin glass behavior would be seen. Thgt
is in contrast to the different interactions of éoba]t and
nickel on random sites in CoNiTAC which does introduce
frustration.

One final difference in the 5-DA and 7-DA systems
versus CoNiTAC is the presence of the mixed‘phase in the
5-DA and 7-DA systems. The small anisotropy in these
systems allows the §p1ns to change orientation at a
relatively small -energy cost. This in thn é]1ows‘for a
relatively broad mixed phase region. In CoNiTAC the spin
anisotropy is large enough so that no gradual shift is
expected. If a mixed region exists, it is expected to be

very narrow and was not seeh in the CoNiTAC data.
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CONCLUSIONS

The pseudo;one-diménsiona1 ﬁixed system, CoNiTAC has
been found to exhibit spin glass behavior below a
temperature, Tg’ while the MnCoTAC, MnNiTAC, 5-DA and 7-DA
systems do not. The phase diagram of temperature versus
concentration shows a very broad and deep spin glass
region with unusually thin antiferromagnetic phase regions
above it. Below Tg thermoremanent magnetization versus
time has been fitted to a stretched exponential function
with a new constant offset term. .In addition both single
crystal dc and ac susceptibility measurements have
determined the magnetic behavior of the individual
crystallographic orientations.

The phase diagrams for MnCoTAC and MnNiTAC show a
deep depression of the paramagnetic to ordered phase
critical lines for values of x near 0.5. fhjs‘is due to a
one d%mensiona1 rather than three aimensiona] frustration
in the spin,ordering.

. The phase diagrams for 5—DACuC14xBr4(1_x) and
7-DACuC14XBr4(1_X) are more similar to the CoNiTAC
phase diagram with relatively flat paramagnetic to

ferromagnetic or‘antiferromagnetic critical lines. While
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CoNiTACvshows a spin glass phase the 5-DA and 7-DA systems
show mixgd phase regions. ‘

Further experiments on these systems should be
undertaken. The MnCoTAC and MnNiTAC systems should be
1nvestigéted at temperétures below 1 K in order to
determine under what circumstances a spin glass phase
might exist and in order to extend this‘work and the work

1.24 If sufficiently large crystals

of Cheikhrouhou, et a
become available, the CoNiTAC system should be
investigated very near its tetracritical region. Also
with single crystals the phase diagrams for 5-DA dnd 7-DA
could be improved. The mixed énisbtropy 6-DA system, for
which information about the mixed phase could not be

determined with powder samples, would be another

interesting candidate to study with single cfysta]s.
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