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Abstract:

Magnetic susceptibility measurements of the tetrahedrally coordinated system [CH3C9NH2)2]2CuCl4
(Acetamidinium tetrachloro-cuprate I1) made on a vibrating sample magnetometer show it to be a weak
pseudo one-dimensional anti-ferromagnet with the dominant exchange, J2/k = -2.15K, directed along
chains of magnetic Cu++ ions. A weaker intraplanar exchange, J1/k = 0.66, indicates ferromagnetic
ordering between chains. A Curie temperature of -1.6K was measured. Susceptibility data reveal an
unexpected double peak at 2.5K and 1.8K suggesting the interesting possibility of two phase transitions
corresponding" to antiferromagnetic ordering of different sublattice pairs. Consistent with
crystallographic data reported by Emerson et al. (in press), these sublattice pairs are formed by two
crystallographically distinct distorted tetrahedral CuCl4 groups linked into chains by intermediate
acetamidinium ions. It is proposed that these two inequivalent independent chains form a unique
four-sublattice system in which one set of chains order throughout the crystal at 2.5K, followed by a
three dimensional ordering at 1.8K. This interpretation is consistent with critical EPR linewidth
broadening of two separate resonances at the two reported temperatures. Finally, no evidence for an
easy axis was found, however, the possibility of a magneto-structural phase transition occurring at
2600 Oe is presented.
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ABSTRACT-

Magnetic susceptibility measurements of the tetrahedrally
coordinated system [CH3C(NH2)2]2CuC14 (Acetamidinium tetrachloro—-
cuprate II) made on a vibrating sample magnetometer show it to be a
weak pseudo one-dimensional anti-ferromagnet with the dominant
exchange, JZ/k‘= -2.15K, directed along chains of magnmnetic co™t ioms.
A weaker intraplanar exchange, J1/k = 0,66, indicates ferromagnetic
ordering between chains. A Curie temperature of -1.6K was measured.
Susceptibility data reveal an unexpected double peak at 2.5K and 1.8K
suggesting the interesting possibility of two phase transitions
corresponding to antiferromagnetic ordering of different sublattice
.pairs. Consistent with crystallographic data reported by Emerson et
al, (in press), these sublattice pairs are formed by two
crystallographically distinct distorted tetrahedral CuCl4 groups
~linked into chains by intermediate acetamidinium ions. It is proposed
that these two inequivalent independent chains form a .unique four—
- sublattice system in which omne set of chains order throughout the
crystal at 2.5K, followed by a three dimensional ordering at 1.8K.
This interpretation is consistent with critical EPR linewidth
broadening of two separate resonances at the two reported
temperatures. Finally, no evidence for . an easy axis was found,
however, the possibility of a magneto—structural phase transition
occurring at 2600 Oe is presented. )




CHAPTER ONE
INTRODUCTION

Motivation to study magnetic properties of acetamidinium tetra—
chlorécuprate (11), [CH3C(NHQ)2]ZCuC14, herein referred to as ApeTCC,
originated in the search for the rare and elusive one dimensional,
spin 1/2 Heisenberg ferromagnet (1D 1/2 HF). Cause for this Sea;ch is
based on the successful observation of bound magnons in these scarce
systems (Hoogérbeets et al., 1984; Haines et al., 1987). Synthesis of
new (1b 1/2 HF) compounds and characterization of their magnetic
properties will enable fur£her experiments to be carried out with the
prospects of obtaining a more comprehensive understanding of bound
magnons. A structural model of AceTCC préposed by Bares, et al. (1969)
based on x-ray crystallographic analysis, suggests that the system
consists of chains of tetrahedrally—coardinated copper iqns-with
intermediate acetamidinium ions forming a bridge through which
magnetic exchange may most likely oécur. Figure 1 shows # schematic of |
the atomic ;tructure of these chaiﬁs. It was -originally thought that
this exchange intefaction may be s;rong bnly glong the chain (i.e.,
one dimensional) and ferromagmetic in'behaVior— hence, the incenfive
for investigation. Susceptibility measurements made on a vibrating
sample magnetometér, howe%er; reveal that_fhe'system is in fact
antiferromagnetic. Although the omne—dimensional ferromagnet-was not

found, results of the measurements of AceTCC disclose some unexpected




acetamidinium 1ions. An isolated Cu++ tetrahedral site is shown in

the upper left.
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and interesting properties, significant enough that continued
investigation was warranted. Charactérization of these an& other newly
observed magﬁetié properties fprm.the basis of this investigation‘aﬁd

are reported and discussed below.




CHAPTER TWO

BACKGROUND

Theoretical Behavior of Antiferromagnets

Exchange Interactions

The magnetic moment of an iom is a comsequence of the spin and
orbital motion of its electrons. The main magnetic features
characteristic of ferro—, ferri— and antiferromagnetic materials are
produced by coupling between these magne£ic moments ig a solid, The
mechanism responsible for this coupling lies in the.exchange effécts
due to overlap of atomic wavefunctions. In particular, the magnitude
of exchange is a direct function of the over}ap~and thus measures the
extent to which magnetic spins and dipole m;ments of nearby electromns
are correlated. In antiferromagnets, exchange energy is minimized when

neighboring atomic moments are aligned antiparallel to one another.

Susceptibility as a Function of Temperature

Alignment of magnetic ‘spins can occur only when the interaction
energy ié large enough to compete with thermal vibrational emnergy of
the system. Thus, as the temperature of an antiferromagnet is
gradually lowered, a critical témperature known as the Neel
temperature, TN’ is reached where exchange energy begins to compete

with and overcome thermal energy. This temperature marks -the
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transition from a non—orderedl(paiamagnetic) stgtevto an ordered
'antiferromagnetic state. This is illustrated most clearly in a plot of
magnetic susceptibility against temperature gsishpwn in Figure 2. The
resulting characteristic temperature scan of aniantiferromag;et shows
the susceptibility increasing with .decreasing teméeraturé until ig
'passes through a maximum at a temperature slightly above the Neel
. temperature. It should Bq_pointed out that the transition does'n;£
correspond exactly to the maximum snsceﬁfibility, but- rather t; the
point of maximum- increasing slope‘( Lasheen, et al., 1958; Fi#her,
1962). VWell abové Ty, the system behaves paramagneti;aliy according to
the Curie—Weiss law: ' ‘
x = C/(T-0),

where C ﬁnd 6 are called the Curie coﬁstant and Curie tgﬁperature
fespectiyely.

Below TN; the system falls into an ordered state such that
adjacent magnetic moments aligﬁ antipa;gllel to omne gnofher. For
convenience one can consider the magneti; moments to 1lie on two
simila¥ interpenetfating sublattices, within eaqh.of'wﬁich. the
moments are all parallel td one another yet antiparallel to thése in
neighboriné'subiattibes as'shoﬁn in Figure 3. At absolute zero,
ﬁlignment is complete and net magnetizafioﬁ of the system is zero.

Often, a strong anisotropy below thé Neel temperature is evident :
in antiferromagnets. Depending on the direction of the géplied field
relative to a given crystallographic aiis,'the susceptibility behaves

‘differently. For antiferromagnets there often exists a preferred




%= Z(T-Q)

(RARA)

Figure 2. Behavior of magnetic susceptibility versus temperature
for a typical antiferromagnet. Above Tn the system behaves paramagnet-
ically in accordance to the Curie-Weiss law. Below Tn the system is
in an ordered antiferromagnetic state.

< >EASY AXIS

[-M 0

€r

Figure 3. Schematic representation of spin alignment below the Neel
temperature for a simple antiferromagnet with two identical inter-
penetrating sublattices. Magnetic spins on one sublattice (ie, dark
circles) are all parallel to each other yet antiparallel to spins on
the neighboring sublattice (light circles).
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direction, called the easy axi; or the sfin direction, along which the
spins tend to align4in the'absencé of an extérnal magnefic field. It
is instructive to consider two cases:‘ 1)'H ﬁerpendicular and 25 H
parallel to the easy axis. Whgﬁ a constant field, H, -is applied in a
direction perpendiculhr to the easy axis,.the mégnetic moments on both
sublattices will rotate toward H by equal amounts. The susceptibility
'in this direction,-x , wWas ca}cnlated by Van Vleck (194;) for
temperatures below TN anq shown to bé independent of temperature with
a constant value of C/20. However, if inséead, the applied field is
-directed parallel to the‘easy axis, something very different occurs.
. Assuming absolgte zero and thus, perfect.ordering, application of a
weak field (weaker than some critical vaiue) par#lleL to the spin
direétion'is #ot sufficient to rotate the spins from the easy axis..
Thﬁs,.no ne£ moment is generated,‘and at absol#te zero, % wiil be
zero. However, evén a slight increasé in temperature will introduce
enough thermal noise té generate small disprderiﬁg fluctuations, small"
rotations of the p;gnetic spins, and hence, a small susceptibility. As
the temperature continne# to climb toward the. transition temperature,
the alignment becomes increasingly disordered until yx matches x at

" Ty. This is illustrated in Figure 4.

Magnetization as a Function of Field

2 . e

Mofe‘insight into this apparent anisotropy is gained by
considering the behavior of an antiferromagnet in a changing magnetic
field. Again, comsider H perpendicular and H parallel to the easy '

axis. In both .cases it is assumed that a constant temperature well .




Figure 4. Anisotropy of an antiferromagnet below the Neel temp-
erature. X1 and Xla*6 the magnetic susceptibilities parallel and
perpendicular to the easy axis of the crystal.
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below_TN is maintained. ;With H applied perpendicular to the ehsy
axis, the magnetic moments will again tend to.rot;te toward H, cassing
magnetization ‘to increase linea¥1y- with field strengtb; Eventually
saturation is achieved, fesulting in aligpment of the mﬁgnetic moments
parallel to thé'externﬁl'field. This is iIlugtrated in Figure §.
Considér now H direcied along the'easf axis. Since -y is greater
than ¥ for an antiferromagnet below the Neel temperature, it would be
‘more energetically favorable for'the sp;n direction to be at right
angles to H. Although one might expect the coupled magnétic spins to
rotate toward this perpendicular ori?htation, Nagamiya i1951)
determined that c;ystal_anisof}opy forces oppose this rotation and
strongly couple the spins to the easy axis.  If an external field,
weaker than the anisotropy field, is applied along the ea;y axis,
nothing happens and the net magnetization of the system remains zero.
If, however, the external field strehggh is increased sufficiently, a
critical value Hq, is reached where the field strength overcomes these
anisotropy forces and the spins 'flop' to a near right angle from the
easy axis. As shown in Figure é,.this'sharp (first order) transitiog
to the spin—flop phase is characterizéd.by ; sudden increase in
magnetization. As the field strength continues to increase beyond Hg,
a smooth second order transition takes the system into a'saturgted
paramagnetic state.
This anisotropy., cﬁaracterized by -a preferred directipn of
alignment in ;he absence of a field, mai be due to many contributing
effects such as spin—orbit'coupling,_iiggnd field effects, and (or)

dipolar interactions. Regarding the anisotropy as a fictitiqus
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Figure 5. Behavior of magnetization versus magnetic Tfield applied
perpendicular to the easy axis. Arrows represent relative alignment of
spins from two different sublattices.
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CHARACTERISTIC SPIN-FLOP CURVE

(PARA)

Figure 6. Behavior of magnetization versus Tfield applied parallel

to the easy axis. At Hf, the field strength overcomes the competing
anisotropy and induces a Ffirst order transition from the antiferro-

magnetic (AF) phase to the spin-flop (SF) phase. Magnetization then
increases linearly with field until a saturated paramagnetic (PARA)
state is achieved.
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‘internal field HA, the critical spin—flop field can be found from

H = (2HgH,) 172
where Hp is the measured aﬁtigerromagnetic exchaﬁge energy,J[k,
converted to unit; pf Gauss (Martin, 19675. Typically Hé >$‘Hh. For
many agtifefromagnets Hp is of the order 106 Gauss while H, is

typically of the order 102 to 103 Gauss.

Heisenberg Model of Spin Interactions

Model Description

The spontaneous magnetization observed at low temperatures is a
direct consequence of exchange interactiéns between -magﬁetic ions.
- Theoretical analysis of this phenomenon resfs on the proper‘qhoi;e of

a model to yield a plausible descriptign of these interactions. It was
first proposed by P. Weiss (1907) that the observed spontaneous
.magnetization was tﬁé result of dipole-dipole interactions. However,
dipolar interactions have been shown to Be puch too small to account
for the high transition temperatnres-observed in many ferromagnetic
materials (Rosenberg, 1983, p.196).lInstead, Héisénberg (1926; 1928)
showed that the ekchange interactions are a manifestation of the
restraints placed on the eléctrénicfwa;efunctiong by the Pauli
exclusion principle. Mor? specifically, the requirement that the
,wavefungtioﬁs.of an electron,pair be antisymmetriq-ﬁith respect to
exchange of their-sp;ce and épin céordinatps, directly affects the

alignment of the magnetic spins and hence the magnetic dipole moments.

The effect of the exclusion principle is to separate electrons with
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parallel spins an§ therefore to minimize their ﬁutual Coulomb
repulsion. The resulfing energy eigenvaiues défend heavily on the
specific eleétiostafic (Coulomb) forces at play within tﬁe solid,
thch in turg govern the spin configuration in accordance to the Pauli
principle.

The most generally accepted ﬁodel repres;ntiﬁg the Coulomb
interactions -responsible fo; ordering is the Heisénberg Hamiltonian

H= —22_ 3:45;-5;
ij

where the sum is over all lattice sites i and j. Iij is the exchange '’

igtegrgl (coupling constant) between neighboring ioms, and §i and 55
are the resultant spin moments aééociated with ions i and j.
Underlying the Heisenberg model is the assumption that'in a crystal
field the orbital momenta are nearl& quenched so that magneti;
interagtions may be rerreSented as almost pure spin—gpin interactions.
Additionally it ié assumed tha£ thé magnetic..ions are localized at
iden£ica1 iatticé sites throughout the sample; Note that when the

coupling constant J is hegative, the Heisénberg:Spin Hamiltonian

favors an antiparallel (antiferromagnetic) alignment between adjacent .

Spiqs on opposite_sublatticés, an&'thus minimum energy. A positive
value of Ilindicates a paraliel'(férromagﬁetic) aljgnment of adjacent
§pins. Fﬁftﬁermore. the difference in ‘energy between the para}lel and
antiparal}el spin configurations is sihply eqﬁal to the exchange
energy for spin 1/2_pa;ticle;. The general use of the Heisenberg model
is founded on its success at, amongsf othér tiings, accounting-for

spin waves and its agreement with Hund's rules and the Pauli exclusion
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principle.
"High Temperature Series Expansion

With the Héisenberg model in hand it is possible to determine the
magnitude of tﬁe inter—ionic exchange coupling, J, beéweeﬁ electrons
in a solid. An exact solution however, is not possible since-
diagonalization of\the Hamiltonian is exceedingly complex. Instead,
one relies on model fitting. Since many thermodynamic properties of a
system are easily determined once the.appropriate par#ition function,
Z, is known, one expands Z és a series in powers of 1/kT and evalugtes
~coe_fficients of the_first.few tergs'foi.ﬂeisenberg intgractions.
Expressing magﬁetic susqeptibility in terms of Z, and treating J as a .
parameter, susceptibility data are.then fitted t6 this high
temperature series expansion. The best fit co¥responds to the
theorefical value for J. This high tempefature series expanéion theory .
for a spin 1/2 system is examinéd here and follows the format,provided
by Martin (1967).

Consistent with the theory of statistica} mechanics, the’
partition function for a system at an equilibrium temperature T, is
defined as

Z= E exp(- E_/kT)
c

where k is the Boltzmann constant -and Ec is the emergy of the c—th
excited state; each staté,corfeSponding to a distinct spin
configuration. It can then be shown (Kittel, 1958, p.85) that the

volume susceptibility for a sample of volume V, is given as
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2y = (ET/V) 3% (1n Z)/0H2

where H is the extermal field strength. ﬁote that, with temperature,
an ordered spin configuration is increasingly disturbed and the system
undergoes random transitioms into ;nd out of the many possible states.
Consequently, céns£ruction of magpetic sasceptibility in terms of the
partition function accounts fbr a thermal avérage of these fluctuating
energy exchanges.

ﬁefining B as 1/kT, the exponential function iﬁ Z can be

expressed as a series in powers of B.

z=3 [1 - BE, + p2(E2/21) - B3(E3/31) + ....]
c

N, - BY(E,) + B2Y(E2/21) - BSWED /3 + ...,
C C C

where Ns is the total number of accessible states. It is convenient to

define the mean—value

"i‘_ n

E" = E Ec/Ns
: c

so that the series can be written as

Z/N, = 1 - BE + (B2/20E - (B33 + ... .
Taking the natural log of both sides and expanding the right hand siae
gives
1a(z/N) = -BE + (2/2DE- ... - [-PE + (P20 - ...12
¢ [-E + (B2/2DE2 - .13+ L.

The terms with like powers of B can be combined to give the following




16

series
1n(Z/N,) = -Bp + (B - B)p?/21 - (B3 - 3E2F + 28%)p3/31 + ....

Since thermodynamic properties, such as susceptibilty and
magnetization, are proportional to N, all terms of'highef order in N

must cancel. Therefore, the series can be simplified by writing
1n(Z/N,) = -EBp + E4(p%/21) - E{(p3/31) + ...

where ﬁg includes only fhpse tezmé of first order in N.

Up until this point the results obt;ined have been compléfely
general and independéné of the type ofﬂiﬁtéraction between the
magnetic ions of ;he system. Specification of the interaction type
however, allows one to evalpate the mean—value coefficients‘ﬁﬁ, é%; ég
etc. in such a way that a precise knowledge of the energy eigenstates
is npt neceésary. As an example, consider a solid in which the
‘exchange inter;ction is very weak except between nearest neighbors. As
discussed on page , the Heisenberg exchange‘inferacfion'for a single
ion is

H= —z? T3 8555

where the summation is over nearest neighbors. Summing over all iomns

in the crystal,. the Hamilfonian for the .total system is given as

= _22 J35(8548 Jx + SiySiy t sizsjz)

For the purpose of'illustration, assume a special case of the
Heisenberg model known as the Ising interaction. The spin quantization

in this case is along a preferred direction, defined for convenience
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as the z;axis, so that

I__
al =. ZEM I
ij

Althougi Qery few solidénare £epresentéd accnrat?ly by the fsing
model, its main advgnta;e:is that thermodynamic qna#tities of one and-
two dimensional systems can be determined exactly (Newell and:
Montroll,_1953). In the presence of an external field, the Hamiltonian
contains a ieeman inte;action term in addition to the above spin—épin
'coupling,-Application oflthe Ising Ham%ltonian‘fo; this spin 1/2

system allows the computation of the first mean—value'coefficient;

E= ¥ E/N,
[

‘ N C
2 .Z [=238;,5(5+1)z ~ ugsH,S; 1
c i=1

where the summation is over all N ions in the sample. Here, pg is the
Bohr magnon and g is the Lande factor.
For a given spin there are NSN/4 states corresponding to each of

the following engrgies.

E= (-J - pggH)/2

E = (+J + uggh)/2
E = (-T + upgh)/2 /

Summing over all spins from i=1 to N, each energy value occurs an
equal number of times and thus cancel one another. The result is zero
for the first coefficient.

E=0
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Due to invariance of the Hamiltonianm trace, one can expand the second

coefficient as follows

E2

25 22 2 24242
(1/Ny) } E (432,25 1), + whe?m2s? ]

N(TZ + p g H?)/4

Plugging these results of the first two expansion coefficients into

the partition function expansion gives
1n(Z/N) = Np2 (3% + pg2?B2)/8 + o) + ... .

Recalling that volume susceptibility is defined as

1y = (KI/V) 82 (1n 2) /o8>

(kT/V) 92 (1a Z/Ny)/0H>

we then have
xy = (Ne2g?)/(4vET) + 0(p?) + ...

Proceeding in the same manner and keeping oﬁiy those terms
proportional to the first power of N, the series for an Ising spin 1/2

system becomes
xy = Nde?)/(4VKT) [1 + (J/ETI/2 + (I/ED?/8 + ....1.

Although the above series was evaluated for an Ising interactionm,
the method illustrated is the same for the more complicated Heisenberg
interaction. However, tﬁe Heisenberg model assumes no preferred axis

for spin quantization, consequently, the vector product §i'§j makes
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the computations exceedingly "involved. Calculatiogs for various spin
vglués and lattice types have been carried out to six or seven terms
by Van Dongen e£ al. (1925), Rushbrooke and wood (1958), ‘and by Domb
and‘Sykes (1962) . Other'valuable work has been completed by P.
Seifert, but due to an untimely death, has never been published. The
series expansion used for fitting to_susceptibility data generated inmn
thi§ current study is based omn tﬂe work of P. Seifert and is quoted
below in terms of the Curie—Weiss 0.and of &, a measure of deviation

from a square planar magnetic lattice

xy = (C/T) T 1+ 6/T + (8/D)/2 (1 - 26 - 36%) +
+ (8/T)3/6 (1 - 98 — 1562 - 3¢%) +

+ 13(0/T)4/192 (1 - 15.8e — 16.282 + 28.6¢> + 31.2¢%) ]

The parameters 0 and e&-in the above series can be written in
terms of an intraplanar coupling constant Il and a linear coupling

constant 12 as follows

(1 + g)0/2

¥y

JZ —98/2..

Note that if & = 0, then Jz =-0. In this case there is mno coqpling
b;tween planes, and.the model ‘corresponds to an ideal two dimension#l
gystem. Likewise, if & = —1 then J; = 0. In this latter c;se coupling
i; restricted to chains, and the model correspon&s to an- ideal omne

dimensional system.
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CHAPTER THREE

METHODOL.OGY

Experimental Apparatus

Vibrating Sample Magnetometer

Susceptibiiity and maggetizafion mqasu:eﬁents were taken on a
P;inceton. Applied Research model 155 vibrating sampie. magnetometer
(VSM). A schem;tic'is ;hown in Figure 7."Héré, the sample isimounted 
at the end of.a rod, the other end of the rod being fixed to a
mechanical vibrator. The sample en& of the rod is loweréd between the:
pole faces of a magnet, allowing both the rod -and . sample to vibrate at
a frequency of 86 hertz with aﬂ‘amplituAe of about O.imm in a
direction perpendicular to the uniform maggetic field. In the presence
of thig field. the sample adduires a ﬁagne#ic moment, which by virtue
of it; vib;ation, induc{s an alternating emf in two pickﬁp cgils
mouﬁted on thq.mégnet pole faces. Equipped'with a'capacitbf plate
assembly near thé:top;of the %ibrating'rod, the VSM generates.a
reference signal against which the sa@ple's signal i; compaied. A
differential amplifier, passing o#ly the differences between the £wo
signals, causes the measurement to be,indépeﬁdent of any fluctuhtions.
-in vibrational amplitu@e or frequency. This ac difference signal js
‘proportional to the magnetic moment of'the sample. Thé:sysfem, thch

makes bulk measurements averaged over the entire volume of the sample,
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VIBRATOR

CAPACITOR PLATE
ASSEMBLY \

UNIFORM FIELD
SAMPLE

v - PICKUP
COILS

Figure 7. Schematic diagram of a vibrating sample magnetometer
(modified from Cullity, p. 67).
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can detect a minimum change in magnetic moment of 5x10_5.emu per

Oersted. This corresponds to a change in magnetic susceptibiiity of

1x10~8 emu for lcc sample in a field of 5000 Gauss.
Temperature Control

The sample temperature is regulated by a Janus model 153 variable
temperature.cryostat in'which a flow of liquid'helium vapbr through
the sample chamber may be established. By controlling flow rate and
temperature of the helium vapor, the sample température can be varied

"over a range of about 4.5K to 300K with a stability greater than .01K.
To obtain temperatures below the helium lambda point, the sample
chamber can be pumped-so that the vapor pressure, and hence, the
temperature is lowered. Use of a model 1397 Welsh Scientific puﬁp witﬂ
a pumping speed of 500 11ters per minute yields temperatures down to
1.9K. A second pump 1nsta11ed para11e1 with the first makes 1t
pOSSlble to obtain temperatures as low as 1. SK and to maintain
temperatures as low as 1.8K. Temperature is measured‘by a calibrated
carbon glass resistor (CGR) which resides directly above the sample. A
schematic of the cryostai in coﬁjunction with the VSM is shown in

Figure 8.

Data Acquisition

Data'aqqﬁisitiop is accomplished with the aid of a model 455
_digital interface coupled to the VSM, and via an IEEE-488 paralier
link which establishes two-way communications between the interface

console and an Apple IIe computer. This allows the transfer of data
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MECHANICAL
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LINE— >
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/| POLEYy y POLE \
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HEATER

Figure 8. Schematic diagram of a vibrating sample magnetometer with
an accompanying liquid helium cryostat.
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from the VSM‘pickup coils to the Apple'IIe where the data can then be
stored, displayed grapﬁically, and (or) printed out. The above
accessories also p;ovide computer comntrol of. bqth the ;agﬂetometer
power supply and ;urrent through the heater element for automatic

control of the magnetic field scans and the helium vapor.

Sample Preparation.

AceTCC was prepared by mixigg stoicﬁiometric amounts of
acetamidinium chloride and anhydrous copper(II) chloride in dry
alcohol. Crystal precipitation was indu;ed by placing the resultant
solutions int6 a dessicator over diethyl ether, allowing‘fdr a slow
condensation of ether into the solution. prystal samples were

graciously provided by K. Emerson, professor of Chemistry at MSU.

Crystal Structure

AceTCC consists of two cr&staliographically distinct
tetrahedrally—-coordinated CuC14 groups which are linked, via
intermediate acetamidinium ioms, into separate chains parallel to the
b-axis (Egerson et al., in press). These two distinct CuCl, sites
differ onlf in their associated hydrogen ﬁond network§ and in th;
orientatisn of their tetrahedral planes. Crystallograpby measurements
indicate that tﬁeifwo tetrahedral axes are mutually.separafed by an
angle of 20°. | |

Analysis of crystallographic data has.also revealed .four distinct
acetamidinium gfoups, which if isolated in space, are virtually

indistiﬁguishaﬁle. However, differences in their neighboring atomic
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environments result in slightly different hydfogen bohding. These four
acetamidinium groﬁps are the.necessary links.bridging the two CuC14
groups into chains and'§erve as the bridge connecting the chains into
sheets hnd'the sheets , in turn, into a threé dimensional s}stem.
Figure 9 sh9ws the hydrogen bonding which links a set of s;te 1 CuCl4
ions in the b-T¢ plané. The three grbup; labeled Al, A2 and A3,
represent three different acetamidinium groups projected omnto th;'bfc'

_plané. For comparison, the bonding which links the CuC14 ions of site’
2 is shown in Figﬁre_lO. In both figures, the box marks the boundaries
of the unit cell. Figure 11 shows an eage—on Yiew of the b-c plane
with the hy&rogen bonding omitted f;r clarity. Acetamidinium groups,
. A4 and A3, link site 1 and site 2 CuCl4 ions, respectively, into
separate chains parallel to the b—axis. The acetamidinium groups, Al.
and A2, link these chains into sheets coincident to the afﬁ plang and
form a weak bridge comnecting these planar arrays of copper ions into

a three dimensional sysfem.
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Site ly7
CuCiyz

Figure 9. Projection of a portion of the crystal structure of
AceTCC onto the b~c plane showing an array of site 1 CuCIl™ ions
linked into chains parallel to the b-axis by intermediate A4
groups. Al and A4 represent two crystallographically distinct
acetamidinium ions.
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Site 2

Figure 10. Projection of a portion of the crystal structure of
AceTCC onto the b-c plane showing an array of site 2 CuCI™ ions
linked into chains parallel to the b-axis by intermediate A3
groups. Al, A2 and A3 represent three crystallographically

distinct acetamidinium ions.
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Site |

Site 2
kCucCl

Figure 11. A three dimension representation of the unit cell of
AceTCC projected onto the a-b plane. For clarity, hydrogen bonds
are not shown. This perspective gives an edge-on view of the al-
ternating b-c planes containing site 1 and site 2 CuCI™ ions. The
A4 and A3 groups link the chains into sheets coincident to the a-
b plane and act as a weak bridge between the b-c planes.
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CHAPTER FOUR
RESULTS AND' DISCUSSION
Snsceptibilifx Versus Temperature

Magnetic susceptibility measurements made over an extended range
of temper;tures,provide a valuable means for diagnosing the magnetic
propertié# of a given snbstance; Figure 12 showé-; typicai temperdtnre
'scan for a siﬁgle qustal-of AceTCC taken at-a constant field strength
of 4.5er. The sample was oriented so that the magnetic field was
ﬁerpe;dicular-to thelprinciple cryétallografhic face. The‘resuiting
characteristic p10£ identifieé‘AceTCC as :an antiferromagnet’with a

‘Neel temperature TN ='2,5K at 4.5k0e; Above the Neel fémpenatnre the
magnetic‘susceptibili£y has a temperatuze dependénce characterized by
. the CuriefWe%ss law. ' |

The plot of inverse susceptibility against temperature is given
in Figure 13 and shows the data following a straiéht line above TN'
. which'extrapolatés-ﬁo a negative value' at the temperature, theta =
-1.6K. Measurement of the slope shows.the Curie—Weiss-consta#t, C, to
equal 0.33 (moles/emu.K). From molécnlar field theory, theta is a
measure of the interaction strength between mggnetié moments. The
negative theta indicates a negative exchange force characteristic of
antiferromagnets. The physicai significance is that below TN‘ for a

~simple two—sublattice antiferromagnet, adjacent moments tend to align
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Figure 12. Susceptibility of AceTCC versus temperature at a field
strength of 4500 Gauss. Measurement was taken along the a-axis
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Figure 13. |Inverse susceptibility versus temperature at a Tield
strength of 4500 Gauss applied parallel to the a-axis.
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antiparallel to one another. However, evidence presented Beloﬁ
suggests that AceTCC is not a typical two-sublattice ant%ferromagnet.
An expanded view of the tramsition area is provided in Figure 14
and reveals evidence for two distinmct peaks at 2.5K and 1.8K,

suggesting the interesting possibility of two phase transitions

instead of one. This unexpected double peak is observed in all of the

temperature scans shown in Figures 27 through 29 of the appendix.
Evidence of two transitions in antiferromagnets is rare. C;nquuqntly,
the inéerpretations are spegulptive and a part of on—going research.
One possible interpretation is that there are two distinct.pairs
of interpenetratiﬁg sublatfices éach of which, having ﬁifferent
exchange energies, tend to order at slightly different‘temperatures.

Above 2.5K the system behaves paramagnetically as the‘effects of

thermal agitation dominate and favor random orientation of all the

magnetic moments. However, as the temperature is lowered, the exchange

interactions between magnetic ions of one set of sublattices begin to

compete'with.the diminishing thermal energies, allowing the pair of
sublattices with the stronger exchange path to order af a slightly
higher temperatuie. This ordgring can only occur because of three
dimensional fluctuations which include the non-ordered sublattice. The
fact that éyé pe;k occurring at 2;5K is much broadér than the peak at
1.8k tends £o suggest one dimensional ordering along linear chains
compriéiﬂg the one pair of sublattices. As the temperature continues
to decrease, the remﬁining sublattice pair orders, completing ‘thé
three dimensional ordering of the system. This'latter.transitibn would

correspond to the sharper peak at 1.8K.
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Figure 14. Expanded view of the transition area seen in Tfigure 11.
Two separate peaks in the susceptibility are revealed corresponding to

Neel temperatures of 2_.5K and 1.8K.
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Magnetization Versus Angle and Field

Magnetic measurements were performed on single crystals in fields
up éo 5.5k0e for different températures and crisfallographic
directiqﬁs. From'these measurements an aftempt was made to‘determin;
the spin—flop field and direction of the easy axis.

In thé ordered state the magnetic spins of a sample are bound
tightly in an antiferromagnetic configuration aiong the.easy axis.
Consequently, the direction of easy spin alignment corresponds to a
minimum.in magnetizafion. Magnetization versus crystal oiiehtation %as
observed at a temﬁerature_below TN and in fields.just beiow the spin;
flop field. For orientations corresponding to a miﬁimhm in
magnetization, a magnetic field scan Wgs performed to determine the
presence or absence of an easy axis. The presence of an easy axis
along the direction of the applied field is determined conclusively if
the magnetié field scan results in a cha;acteristic spinrflop‘curve
similar to that shown previously in Figure 6. |

A single crystal of AceTCC was rotated about the 'needle' axis
which runs parallel to the b—axis ;howﬁ in the coordinate system
defined in Figure 135. Ihé resulting angle scan presented in Figure 16
'disciosgs'a minimum magnetizhtion fo; the angles ¢ = 90° and ¢ =
270°, both of which chrespond to a field applied along tﬁe a—axis.
Magnetization versus field was obsérved'ét 1.75K for a field direction
coincident to the a-axis. The resulting scaﬁ shown in Figure -17
revealé no ;vidence'fpr a spin-flop tramsition, however, an

interesting jump in.magnetization'ocburring at 2.6kOe ;uggests the
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b (needle axis)

Figure 15. Laboratory coordinate system describing the orientation of
an AceTCC crystal in an applied magnetic field, H.
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Angle dependence of magnetization of AceTCC

plane at 1.75K (6 = 90°; 4 = 0°-3600).

in the a-c
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Figure 17. Magnetization versus Tfield at 1.75K.
taken with H applied parallel to the a-azis.

Measurements were
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unegpected possibility of a magneto-strﬁctural phase transition
occurring>at this field stréngth.

-This discontinuity occurs consistently in further scans peﬁfdrmed
in the a—c plane at angles = ¢ = 20° and ¢ = 45°. The corresponding
results are prpvided in Figures 18 and 19 respectively. Th; I;ck of
evidence for a spin—flop transitian in any of the above field scans
indicates éhat if an easy axis exists it is most likely outside of £he
a—c'plane '« The search for an easy axis in the other two principle
planes was hampered :by extremely weai signals due to réstricéions'
plgced on the sample size which the VSM will accommodate. In orde? to
obserfe in eitﬁer the ﬁ—b or b—c¢ plane, the cryst#l had to be reduced
in size by aboqt 75%,'leading to a drastically ;educed signal
intensity barely discernible.from background noiée.

Altﬁough the search for an easy axis prévéd unsuccessful,
supporting eyidence for a structural phase transition was obtained via
additional field:scans. At a fixed crystal orientation of ¢ = 0°,
field scans were obtained in. the a—c plane for three different
témperﬁtures, 1.75K, 1.9K and 3K with results shown in Figures 20
through 22 respe;tively. The three temperatﬁrés were chosen to inc}ude
a temperature beiow and above the two Neel temperatures aﬁd one
dirgcfly in befween. Thé results show that tﬁe discoﬁtinuity
disappehrs at a temperature jﬁst above tﬂe higher Neel temperature,
indicating that the transition to an- ordered state may trigger an
energy exchange resulting in the structural phase'transigion. To
further equude the possibility of any ;ontributing effects due to the

crystallographic orientation of the sample, magnetic field scans were
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Figure 19. Magnetization versus Ffield at 1.75K with 0 = 90° and
4 = 45°.



AceTCC 1.75K

N
2000 3000 4000 5000
Field (Ce)

Figure 20. Magnetization versus field at 1.75K with 0 = 90° and
$= 0° (H coincident to the c-axis) .
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Figure 21. Magnetization versus field at 1.9K with 0 - 90° and
¥ = 00 (H coincident to the c-axis).
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Figure 22. Magnetization versus Tield at 3K with
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also taken at the saﬁe three temperaéhres for a powdered sample.
Consistent with the above results, the discontinuity appears'at sub—
transition temperatureé, 1.75k and 1.9K , but dis#ppear; #gain above
the transition tempeiature at T = 3K as shown in Figures 23 and 24.
It_should'be pointed out that although tﬁe easy axis indicates a

minimum signal, the converse is not necessarily trué. Superimposed on
thé angle dependence study is the existing anisotropy in.the.LanAe g—
factor. If the easy axis happens to lie outside the plane of ;otatioﬁ,
the g—facfor anisotropy will be the primary source of any angle
dependence obseryed in the magnetization. Therefore, the absence of
evidenc; for a spiﬁ-flog‘curve'in tﬁe a-c plﬁge suggesfs that>the'
minimum observed in the magnetization versus ;rystal orientation data’

of Figure 16 coincides with a minimupm in the Lande g-factor.

Comparison with EPR Study

Thié mea#nred anisotropy is confirmed ﬁy EPR (electron pa;amagnetic
re;onance) measu;ements"récently repo?ted by Wan (in prep). In
addition, Wan cite; a critical linewidth broadeging of two separate
resonapcés at the two Néelhtemperdtures reportéd in this study. This
is consistent‘with:the proposed‘interpretatioﬂ of two distinct pairs
of suﬁlatti;e;, each characterized by siightly different exchange
constants'I.‘EPR techniques also enable the effectivé value of g to b?
calcﬁlated. Results ﬁro%ided,by Wan assign the fﬁllowihg Qalues to the

g tensor elements:
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Figure 23. Magnetization versus TfTield for a powder sample of
AceTCC. Circles and triangles correspond to measurements taken at

1.75K and 1.9K, respectively.
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Figure 24. Magnetization versus field for a powder sample of AceTCC at
3K.
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Eyy

=2.1.
gzz 2

= 2.4,
with near—zero values for the off—diagondl elements. These measured g

values have been used in this study to determine a numerical estimate

of the exchange parameter J.

High Temperature Series Expansion

A ﬁigh temperature series expansion of the partition function for
the spin 1/2 Heisenberg model was applied as a three—parameter model
fit to mégnetic susceptibility data. Results yield an estimated Curie
constant of 0.31 (moles/emu.K) which corre;ponds to a relative error
of 6% with respect to the measured value of 0.33 (moles/emu.K).
Although the series fails to converge at temperatures very near the
Neel temperature, it converges rapidly at higher temperatures and thus
provides sufficient accuracy with only five leading terms. Figure 25
presents the best fit corresponding to a standard deviation of 8.21
1:10_5 with Jllk = 0.66K and JZ/k = -2.15K. From the constructs of the
theoretical model, IZ represents an exchange energy directed along
linear chains, while Jl represents an exchange energy between cha%ns .
Any exchange, J3, which might occur between planes is very weak and is
not measurable by the high temperature series expansion method. From
the estimated values of Jl and JZ’ it is possible to deduce an anti-
ferromagnetic exchange coupling along chains of magnetic cu'™t sites. A
much weaker intra—-planar ferromagnetig>coupling occurs between the

chains, connecting the chains into sheets.
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Figure 25. Magnetic susceptibility data (circles) fitted to a theo-
retical high temperature series expansion of susceptibility for a
spin 1/2 Heisenberg interaction.
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Comparison with Crystallographic Data

Crystallographic data rgported by Emerson, et al. (in press)
indicate that the layers are formed by two crystallographically
distinct distorted tetrahedral CuC14 groups linked into imequivalent
chains by intermediate acetamidinium ions. These nommagnetic acetami-
dinium ions form an indirect path through which the strong;st
exchange, JZ’ occurs. This results in an antiferromagnetic ordering of
.Cu++ magnetic moments along chains parallel to the b—axis. A network
of hydrog;n bonds parallel to the crystallographic c—axis cénnects the
chains so that they form sheets coincident to the b—c plane. These
bonds act as an indirect path for a weak ferromagnetic exchange inter—
action, Illk = 0.66K, between chains as shown schematically in Figure
26.

One can assume that two distinct exchange interactioms, Jz and
Ié, exist which link the two crystallographically distinct CuC14 sites
into separate cyains. Unfortunately, the model used in this study, as
well as any model currently available, fails to distinguish between J2
and Ié. However,.the evidence of a double transition in the suscepti—
bility versus Temﬁerature scans suggest that I2 and Ii are slightly
different. This is consistent with the interpretation of two distinct
interpenetrating sublattice pairs AB and CD, each of which having
different exchange ene?gies, tend to order at slightly different temp—
eratures. The cited value for J, is an average of the antiferromag—

netic exchange constants contributed by both sublattice pairs.
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site | site 2
Cu ions Cu ions

Figure 26. A schematic representation of AceTCC showing sheets of
site | apd sjite 2 copper ions coincident to the b-c, plange. One
dimensional antiferromagnetic exchange interactions, J2 and V

occur along chains parallel to the b-axis. Weaker ferromagnetic
exchange interactions, J1 and J1" link the chains into sheets. It is
assumed that an even weaker inter-planar exchange, J3, serves as a

bridge between the b-c planes.
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Crystallographic data indicates that the weaker ferromagnetic
exchange coupling, Ji, serves as a bridge .connecting the two inequiv—
alent chains into parallel sheets coincident to the b—; plane. Because
the dominant exchange is aﬁtiferromagnetic and acts linearly along

chains of magnetic Cut+ ions, the system is described as a weak pseudo

one—dimensional, spin 1/2 Heisenberg antiferromagnet.
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CHAPTER V
CONCLUSIONS

The-results of this study show that the tetrahedrally coordina£ed.
system, AceTCC, can be characterized as a pseudo oﬂe dimensionalnspin
1/2 Heisenberg antiferromagnet. Two distinct'peaks at 2.5k and 1.8K
occur in the magnetic susceptibility which suggest the possibility of
two. phase transitions corresponding to antiferromagnetic oxrdering of
two different sublattice pairs. These sub1a£tice pairs are formed by
two crystallographically distinct tetrahedral CuCl4 groups limked into
chains parallel to the ﬁ—axis by intermediate acétamidinium ions. Data
were fitted to a high teﬁperature series expansion and an. exchange
interaction, IZ = —2.15K, was found to occur between magnetic ions,
causing antiferromagnetic or&ering along‘thesg'two inequivalent
systems of chains. A weaker ferromagnetic exchange interaction 1ipks
the chains into planes coincident to the b-c¢ plane. It is préposéd
that these two inequivalent.chaing,forﬁ a unique four sublattice
system in which one set of chains order throughout the crystal at4
2.5K, followed by a three dimensiona; ordering at 1.8K. Thi; interpre—
tation is consistent with critical EPR linewidth broadening of two
separate resonances at the two cited transition tempergtures. Although
evidence for an easy axis was not found, this study doeé reveal

evidence for the occurrence of a magneto—structural phase transition
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at 2600 Oe. As.of yet, the mechanism for this magneto;structural
transition is unexplained.

To date, only a fe%lstudie; of tetrahedrally coordinated systeﬁs
have been attempted. Hence, many important questions concerning the
magnétic‘properties of these poorly understood systems remain. It is
hoped that fgrtier work willvinstigate Fhe synthesis a#é.

characterization of new chemical analogs to AceTCC.
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APPENDIX

Supplemental Susceptibility Pldts
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Figure 27. Expanded view of the transition area of a susceptibility
versus temperature scan. Measurements were taken at a constant field
strength of 4000 Gauss.
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Figure 28. Expanded view of the transition area of Susceptibility
versus temperature scan. Measurements were taken at constant field
strength of 2000 Gauss.
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Figure 29. Expanded view of the transition area of a susceptibility
versus temperature scan. Measurements were taken at a constant field
strength of 4500 Gauss.
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