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Abstract:
The temperature versus composition phase diagrams for several low dimensional, mixed magnetic
systems have been investigated. . The magnetic behavior of the pseudo-onedimensional mixed systems
[(CH3)3NH]A(1_x)BxCl 3•2H2O 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
the differences in these systems, criteria for development of mixed phases and spin glass phases were
discussed. 
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ABSTRACT

The temperature versus composi t ion phase diagrams f or  
several  low d i mens i ona l , mixed magnetic systems have been 
i n v e s t i g a t e d .  . The magnet ic behavior  of  the pseudo-one-  
dimensional  mixed systems [ ( CH3 ) 3NH] A ( | _ x ] BxCI 3 • 2H2O where 
A and B are Co, Ni ,  and Mn, was i n v e s t i ga t e d  as a funct i on  
of  x.  The mi xture wi th Co and Ni was found to e x h i b i t  
spin glass behavior  below a c h a r a c t e r i s t i c  temperature  
Tg as evidenced by the onset of  t ime dependent  
tnermoremanent magnet i za t i on .  The phase diagram of  
t emperature versus x showed a very broad and deep spin 
glass region wi th unusual l y  t h i n  an t i f e r r oma gne t i c  phase 
regions above i t .  A t e t r a c r i t i c a I  point  near x = 0 . 58 was 
i n d i c a t e d .  Thermoremanent magnet i zat i on versus t ime below 
Tg was f i t  to a s t re t ched exponent i a l  f unc t i on  plus a 
constant  o f f s e t  term.  Mixtures of  Mn wi th Co and Mn wi th 
Ni showed no spin glass behavior  above 2 K and had a deep 
depression in the center  of  t h e i r  t emperature versus x 
phase di agrams. The pseudo- two-dimensional  mixed systems, 
[NH.3 (CH2 )nNH3 ]CuCl4XBr4 ( i _ x ) f o r  n = 5 and 7 were also 
i n v e s t i g a t e d .  The temperature versus x phase diagrams f o r .  
these systems also showed evidence of  t e t r a c r i t i ca l  points  
but wi th mixed phase regions r a t h e r  than spin glass  
phases.  From an examinat ion of  the d i f f e r e n c e s  in these  
systems,  c r i t e r i a  f o r  development of  mixed phases and spin 
glass phases were discussed.



I

INTRODUCTION

Systems wi th randomly mixed magnetic i n t e r a c t i o n s  are 

important  to the f i e l d  of  c r i t i c a l  phenomena because t h e i r  

temperature versus composi t ion phase diagrams can contain  

mul t i  c r i t i c a l  po i n t s .  In a d d i t i o n ,  i f  t her e  is a 

f r u s t r a t i o n  in the magnet ic i n t e r a c t i o n s ,  the system may 

be a type of  magnet ic mat e r i a l  known as a spin gl ass.  The 

purpose of  t h i s  work is to i n v e s t i g a t e  the temperature  

versus composi t ion phase diagram and spin glass behavior  

f o r  several  low di mensi onal ,  mixed magnetic systems.  Low 

dimensional  systems were chosen f o r  s t udy ' in order  to 

discuss the e f f e c t s  of  d i me ns i ona l i t y  in mixed magnetic 

systems.

The mixed systems considered here i ncl ude t hree  s i t e  

di sor dered,  pseudo-one dimensional  ma t e r i a l s  w.ith the 

general  formul a ,  [ ( CH3 ) 3NH]MCI 3 • ZH2O in which M represents  

a mi xture of  Co - Ni , Mn-Co or Mn- N i . For example,  in the 

c o b a l t - n i c k e l  mixture M would be replaced by Co( i _ x ) N'i x i n 

which x is the mole f r a c t i o n  of  the metal  s i t e s  which 

contain n i cke l  and can have values ranging from zero to  

one.  For ease in r e a d i n g , t r imethylammonium metal  

t r i c h l o r i d e  d i hydrate or [ ( CH3 ) 3NHlMCl3 -ZH2O w i l l  

hencefor th be abbrevi at ed as MTAC. For the cobal t  and
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ni cke l  example above, the a bbr ev i a t i on  CoNiTAC would 

t h e r e f o r e  be used. The other  mixed systems to be 

considered are two bond d i sordered,  pseudo-two dimensional  

systems,  S-DACuCl4x Br4 ^1 - x ) and T-DACuCl4x Br4  ̂^ x ) • Here,  

S-DA and 7-DA are abbr ev i a t i ons  f o r  pent aned i ammonium, 

N H g ( C H 2 ) 5N H 3 , and hept anedi ammonium, N H 3 ( C H 2 ) 7N H 3 , 

r e s p e c t i v e l y ,  x is the mole f r a c t i o n  of  the t o t a l  ha l i de  

t h a t  is c h l o r i d e .

Among these systems,  only CoNiTAC was found to behave 

as a spin g l ass ,  and because of  the i n t e r e s t i n g  pr oper t i es  

of  a spin gl asses,  i t  was st udi ed in the most d e t a i l .  

S p e c i f i c a l l y ,  the r e s u l t s  i nc l ude:  s i ng l e  c r y s t a l

measurements of  both dc magnet i zat i on and ac 

s u s c e p t i b l i t y ;  thermoremanent magnet i zat i on (TRM) 

measurements and a f i t  to a t h e o r e t i c a l  model ; and an 

improved temperature versus x phase diagram.

Magnet i za t i on measurements f o r  the other  systems r e s u l t  in 

di scussion of  t h e i r  temperature versus x phase diagrams.  

F i n a l l y ,  by comparing these r e s u l t s ,  the e f f e c t s  of the 

d i me n s i o na l i t y  of  the i n t e r a c t i o n s  can be discussed.

Before di scussing the present  exper iments and t h e i r  

r e s u l t s ,  a revi ew of  previous work on the MTAC systems 

w i l l  be present ed.  Both pur e , s i ng l e  metal  compounds and 

mixed systems w i l l  be consi dered.  In a d d i t i o n ,  some 

t h e o r e t i c a l  and exper i mental  background concerning what to
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expect  from a. random mi xture phase diagram and from a spin 

glass w i l l  be di scussed. No previous work ot her  than our 

own has been done on the 5-DA and 7-DA copper ha l i des .

Proper t i es  of  Singl e Metal  MTAC Compounds

In order  to discuss the mixed metal  systems,  i t  is 

f i r s t  necessary to descr ibe the s t r u c t u r a l  and magnetic 

p r op e r t i e s  of  the pur e , s i ng l e  metal  compounds. MTAC can 

be prepared wi th the d i v a l e n t  metals Co, Ni ,  Mn, Cu and 

Fe. The t r i met hyl ammom'urn metal  ch l or i des  formed wi th the 

above f i v e  metals are a 11 i s o s t r u c t u r a l  wi th only small  

d i f f e r e n c e s  in bond lengths and bond angles.  As such they  

make good candi dates f o r  mixed magnetic systems since 

changes in magnet ic p r ope r t i e s  can be associ at ed wi th the 

change in the p r op e r t i e s  of  the metal  and r e l a t e d  only 

very weakly wi th changes in the c r y s t a l  s t r u c t u r e .  The 

s t r u c t u r e  of  CoTAC w i l l  be descr ibed in d e t a i l .  The other  

members of  t h i s  ser i es  of  compounds can be considered  

s t r u c t u r a l l y  i d e n t i c a l  to CoTAC wi th the minor distance  

and angle cor r e c t i ons  mentioned, above.

The s t r u c t u r e  of  CoTAC was f i r s t  solved by Losee et  
I 1a I . In CoTAC the cobal t  ions are octahedral  Iy

coordi nated by two water  molecules and four  c h l or i de  ions 

wi th the waters being t rans to each ot her .  Two ch l or i des  

on each edge are shared wi th adj acent  cobal t  octahedra to



form b i br idged chains of  cobal t  octahedra wi th the 

st ochi omet ry  Co(H2O)2C l 2 . A por t i on of  t h i s  chain looking  

along the a axis of  the c r y s t a l  is i l l u s t r a t e d  in Figure 

I .  The water  molecules hydrogen bond wi th the remaining 

c h l o r i de  ions to form weakly bound planes of  cobal t  

chains.  The t hree  dimemsional  s t r u c t u r e  is formed by 

st acki ng these planes wi th the t r i methyI ammoni urn cat ions  

spaced between them. The planes are staggered such t ha t  

cobal t  chains in one plane l i e  between the chains of  the 

next nearest  neighbor,  pl ane.  A s i m p l i f i e d  s t r u c t u r e  of  

CoTAC5 looking along the chain or b axis d i r e c t i o n ,  is 

shown in Fi gure 2.  The short  l i nes  i n d i c a t e  the  

o r i e n t a t i o n  of  the HgO l i gands.  They are t i l t e d  

approxi mat e l y  10 degrees away from the c a x i s ,  however the 

angle in the diagram has been exaggerated in order  to 

emphasize the i nequi va l ence of  adj acent  pl anes.  Not ice  

t ha t  the water  l igands are t i l t e d  away from the c axis but  

a l t e r n a t e  d i r e c t i o n s  in each successive pl ane.  The 

s t r u c t u r e  i t s e l f  then i nt roduces an a l t e r n a t i n g  ani sot ropy  

in the cobal t  s i t e s .

Ma gne t i c a l l y  each cobal t  is coupled along the chains 

through two Co- Cl -Co bonds. This is the St rongest  

exchange path wi th J^/k = 15.4 K. ( b denotes the

c r y s t a l l o g r a p h i c  b d i r e c t i o n  and also the chain 

d i r e c t i o n . )  This i n t e r a c t i o n  is f e r r omagnet i c ,  as is the

4



O Co •  Cl 0 H2O

Fi gure I .  The c o b a l t - c h l o r i d e  chain of CoTAC wi th the a axis perpendi cul ar  to 
the drawing.



C

Fi gure 2.  A s i m p l i f i e d  view of CoTAC looking along the chain d i r e c t i o n .
Lines represent  the o r i e n t a t i o n  of  the water molecules. Arrows on 
the l e f t  and r i g h t  represent  two possi bl e spin o r i e n t a t i on s  wi th 
respect  to the waters.
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next s t rongest  coupl ing in the c axis d i r e c t i o n .  Since

t h i s  exchange is through hydrogen bonds wi th the HgO

l i gands,  the coupl ing is much smal l er ;  J / k  = 0.1 K.

There is v i r t u a l l y  no d i r e c t  exchange path in the t h i r d

d i r e c t i o n  and J3Zk = - . Ol K is smal l er  s t i l l .  This

exchange is ne ga t i ve ,  t h e r e f o r e  the o v e r a l l  3-dimensional

order i ng is a n t i f e r r o ma g n e t i c .  The c r i t i c a l  temperature

is Tc = 4 . 2  K. The a n t i f e r r oma gne t i c  or easy axis is

along the c d i r e c t i o n .  The a axis shows weak

fer romagnet i c  behavior  i n d i c a t i n g  t h a t  the spins are

canted away from the c axis in the a d i r e c t i o n .  There are

two ways in which the spins may be canted wi th respect  to

the symmetry of  the cobal t  s i t e s .  They may o r i e n t  e i t h e r

near the water  axis or near the c h l or i de  plane as shown

r e s p e c t i v e l y  on the r i g h t  and l e f t  of  Figure 2. The b

axis s u s c e p t i b i l i t y  is very smal l  i n d i c a t i n g  t ha t  the

spins are conf i ned to the ac pl ane.  The s u s c e p t i b i l i t y

data was f i t  to the one di mensi onal ,  S = 1 / 2 ,  I s i ng model
2 3f o r  the c and a- axes.  ’ The c - a x i s  ( e a s y  ax i s )  

s u s c e p t i b i l i t y  is given as

X = (Ng2uB2/ 4 k T ) e x p ( 2 J / k T )  . ( I )

and the b - ax i s  or perpendi cu l ar  s u s c e p t i b i l i t y  is given as

X = (Ng2uB2/ 8 J ) [ t a n h (  J / k T ) s e c h 2 ( J / k T ) ] .  (2)

The standard I s i ng model ,  however,  could not f i t  the 

a - a x is s u s c e p t i b i l i t y  because of  the fer romagnet i c  cant i ng
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in t h i s  d i rec t i on, .  Instead the expression

X = Ng2uB2 (T - T0 ) / [ 4 k ( T 2 - Tq2 )]  (3)

f or  a weak ferromagnet  was used. NMR st udi es by Spence 
'5

and Botterman pr e d i c t  the cant i ng angle to be about 10 

degrees from the c d i r e c t i o n .  They also show a t r a n s i t i o n  

at about 60 Oe from an ant i  f er romagnet i c  to paramagnet ic  

s t a t e  along the c a x i s ,  making t h i s  compound a metamagnet.  

Fur t her  ac s u s c e p t i b i l i t y  measurements by Groenendi jk^ and 

van Duyneve I d t ^ s  ̂ conf i rm the metamagnetic behavior  and 

r e f i n e  the value of  the zero f i e l d  cant ing angle to be 22 

degrees.  The deut erat ed form of  CoTAC was also
0

i n v e s t i ga t e d  by Groenendi jk et  a I . in order  to determine  

the e f f e c t  on the Jg exchange constant  which operates  

through the hydrogen bonds. However,  only a 6,% change in 

J0 was found in t h i s  case.a
NiTAC is ne ar l y  i d e n t i c a l  s t r u c t u r a l l y  to CoTAC as

Q
determined by O'Br i en et  a I . The repor t ed magnet ic 

parameters are also s i m i l a r  wi th Tc = 3.7 K, J^/k = 14 K, 

Jc/ k  = 0.07 K and Jg/ k  = - 0 . 0 0 6  K as repor t ed by 

Hoogerbeets et  a I . ^  The spins are again conf i ned to the 

ac plane wi th a cant i ng angle of  21 degree from the c
11d i r e c t i o n .  Fur t her  EPR st udi es by Hoogerbeets et  a I .  

conf i rm the c axis to be the easy axis and b t o . be  the

hard a x i s .
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The s t r u c t u r e  of  MnTAC was determined by Caputo et
12 13a I . and by Depmeier and Klaska and is also isomorphic

to the cobal t  and n i cke l  analogs.  In cont r as t  to these,

however,  i t  has an t i  f e r romagnet i c  coupl ing along the

chains wi th a Neel t emperature of  Tn = 4.1 K as determined

by Simizu et  a I . ^  The phase diagram f or  t h i s  compound

near the b i c r i t i c a l  poi nt  has been descr ibed by Megy et

a l . 15

The s t r u c t u r e  of  CuTAC was determined by Losee et  

a I . ^  and is s i m i l a r  to CoTAC except  t ha t  the bi br i dges  

are assymet r ica I and CuTAC1s c r y s t a l l ographi c  space group 

is d i f f e r e n t .  S t i r r a t  et  a I . ^  found a very weak coupl ing  

along the chains wi th J/k .= 0 .85 K and Tc = 0.165 as 

r e f i n e d  by Algra et  a I . Ri t t e r  et  a I . ^  have determined 

the i s o t r o p i c  symmetric,  d i p o l a r ,  a n i s o t r o p i c  symmetric 

and ant i symmet r i c  exchange parameters from epr  

measurements.
? oFeTAC was i n v e s t i ga t e d  by Landee et  a l .  wi th J q = 

3.28 K. The spins are I s i n g - I i k e  and l i e  along the chain 

a x i s .  The one dimensional  order i ng is f er romagnet i c  wi th  

an o v e r a l l  t hree  dimensional  ant i  f e r romagnet i c  order i ng.

Previous Work on Mixed MTAC Systems

Some work on mixed MTAC systems has a l r eady  been
2 1publ i shed.  Schouten et  a l .  repor t ed heat  capac i t y
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measurements dnCoCuTAC. Since the t r a n s i t i o n  temperature  

of  CuTAC is so low, 0.157 K, copper is expected to 

resemble a di amagnet ic i mpur i t y  and lower the t r a n s i t i o n  

temperature of  CoTAC as the concent rat i on is increased.

I t  in f a c t  does t h i s  but not wi th the slope t h a t  might be 

expected.  This system is best  descr ibed as a bond 

i mpur i t y  system in which t hree values of  the coupl ing

const ant ,  J,  are used.  The best  f i t  is to J JH„ and

I I = 0.02J|_|^. Using Schouten 1 s nomenclature , J  ̂  ̂ and 

r e f e r  r e s p e c t i v e l y  to coupl ing between two nearest

neighbor  cobal t  atoms, two copper atoms and one cobal t  and 

one copper atom. The subscr i pt  I r e f e r s  to the I s i ng  

char ac t er  of  cobal t  and H r e f e r s  to the Heisenberg 

char act er  of  copper .  The value of  J^^ di sagrees wi th the

usual  approxi mat ion = 

f i t  is found by l e t t i n g  J
( J I I JHH)

IH HH

1/2 and a much c l oser

Some magnet ic resonance work on MnCoTAC has also been
? ? O O '

done by Matsubara et  a I . and by Phaf f  et  a I . They 

f i n d  a l i m i t i n g  of  the spin d i f f u s i o n  r a t e  as more 

manganese is added to the c r y s t a l .  This i n d i c a t e s  a 

decreased coupl ing between manganese and c o b a l t ,  or using 

the nomenclature int roduced in the previous paragraph,  J^^ 

is much less than or J  ̂  ̂ in t h i s  system. This is not  

a s u r p r i s i ng  r e s u l t  since the cobal t  and manganese easy 

axes are not in the same d i r e c t i o n .



S u s c e p t i b i l i t y  and remanence studi es have been done

on MnCoTAC f or  smal l  manganese concent rat i ons by
2 4Cheikhrouhou et  a I . They f i n d  spin glass behavior  in 

t h i s  system f o r  very low manganese concent r a t i ons .  For 

2.9% Mn, Tg = 3 . 6  K and f o r  9.3% Mn, Tg .= 1.76 K.

Magnet i za t i on measurements on powder samples of  

CoNiTAC have been done by Raf f ae l  Te. ^  S u s c e p t i b i l i t y  

as a f unc t i on  of  temperature was found f or  CoNiTAC with 

var ious n i cke l  and cobal t  metal  percentages.  Graphs of  

I / X  versus T give s t r a i g h t  l i nes  at  high temperatures  

which when e x t r a po l a t e d  i n t e r s e c t  the temperature axis at  

the Cur ie t e mpe r a t u r e , Tc , For a l l  mixtures the value of  

Tc was between 4 . 5  K and 4.1 K wi th a s l i g h t  lower ing as 

the n i cke l  percentage was i ncreased.

Two types of  exper iments were performed to determine  

the f i e l d  dependence of  the magnet i za t i on .  The f i r s t  

method was to cool  the sample from above Tc in a f i e l d  of  

2000 Oe, then reduce the f i e l d  to 13 Oe and take  

measurements as the temperature was i ncreased.  For 

c o n t r a s t ,  measurements were then taken in 13 Oe as the 

temperature was decreased from above Tc . A more standard 

f i e l d  cooled and zero f i e l d  cooled set of  curves were also  

obt a i ned.  In t h i s  case the sample was cooled in zero 

f i e l d  ( H < 4 Oe) ,  the f i e l d  was then set to 50 Oe and 

a f t e r  wa i t i ng  3 minutes measurements were taken as the

11
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temperature was r a i s e d .  This r e s u l t s  in the ZFC or zero 

f i e l d  cooled curve.  The FC or f i e l d  cooled curve was 

obtained by lower ing the temperature from above Tc in an 

appl i ed f i e l d  of  50 Oe and t ak i ng  measurements.  The 

s u s c e p t i b i l i t i e s  separate below a t e mpe r a t u r e , Tg f or  the 

f i e l d  cooled versus zero f i e l d  cooled c u r v e s .

By doing thermoremanent magnet i zat i on st udi es at  

var ious temperatures Tg was also determined by the 

temperature at  which there  is no longer a TRM. A graph of  

the TRM versus temperature f o r  var ious wa i t i ng  t imes is 

shown in Fi gure 3 f o r  a 65% Ni sample. 26

Using these values of  T and T a p r e l i m i n a r y
c 9

magnet ic phase- diagram of  temperature versus mole f r a c t i o n  

of  n i cke l  was const ruct ed.  The phase diagram has been 

r e f i n e d  in t h i s  work by c o r r e c t i ng  the values of  the 

ni cke l  concent ra t i ons  and by adding more data points to 

the diagram.

M u l t i c r i t i c a l  Points

A t r i c r i t i c a l  point  occurs in a magnet ic phase 

diagram where two second order  phase t r a n s i t i o n  l ines meet 

wi th a l i n e  of  f i r s t  order  phase t r a n s i t i o n s .  The c l a ss i c  

example of  t h i s  is seen in the f i e l d  versus temperature  

phase diagram of  an ant i f  er romagnet . The t r i c r i t i c a l .  

poi nt  occurs where the second order  paramagnet ic to



120 a

T(K)

Fi gure 3. Thermoremanent m a g n e t i z a t i o n  ( I  kOe i n i t i a l  f i e l d )  versus
t e m p e ra t ur e  f o r  v a r i o us  w a i t i n g  t imes in the 65% n i c k e l  sample.
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a n t ! f e r r oma gne t i c  and paramagnet ic to spin f l op  l i nes  meet 

wi th the f i r s t  order  ant i  f er romagnet i c  to spin f l op  l i n e .

A t e t r a c r i t i c a I  poi nt  occurs where four  l i nes  of  second 

order  phase t r a n s i t i o n s  meet or e q u i v a l e n t l y  where two 

l i nes  of  second order  phase t r a n s i t i o n s  cross.  

M u l t i c r i t i c a l  poi nts not only occur in temperature versus 

f i e l d  phase diagrams but also in temperature versus 

composi t ion phase diagrams where t here  are two competing 

i n t e r a c t i o n s .  How c r i t i c a l  l i nes  come t oget her  at  a 

t e t r a c r i t i ca l  poi nt  is of  i n t e r e s t  t h e o r e t i c a l l y , ^ - ^  and 

i t  is pr ed i c t ed  t h a t  they should meet t a n g e n t i a l l y  and not  

at  an angl e .

An example of  t h i s  can be found in the temperature

versus composi t ion phase diagram of  two ant i f er romagnet s

wi th d i f f e r e n t  easy axes.  A r epr e s e nt a t i on  of  t h i s  type

of  phase diagram is shown sc hemat i ca l l y  in Fi gure 4 and

would be appr opr i a t e  f o r  a system such as
31Fe( i _ x ) CoxC12 * 2H20 . The pure i ron and coba l t  compounds 

each have t r a n s i t i o n s  from a paramagnet ic to 

a n t i f e r r oma g ne t i c  phase as temperature is lowered,  but the 

easy axes are in d i f f e r e n t  d i r e c t i o n s  due to d i f f e r ences  

in an i sot ropy  between i ron and c o b a l t .  A new phase l i e s  

between these two a n t i f e r r oma g ne t i c  phases and represents  

a spin al i gnment  which is in an i n t e r me di a t e  d i r e c t i o n .  

This mixed phase region is not cha r a c t e r i z e d  by a s i ngl e



MIXED

0 x 1

Fi gure 4.  Sketch of  a temperature versus x phase diagram wi th a t e t r a c r i t i c a I  
point  and a mixed phase regi on.
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i n t e r me di a t e  d i r e c t i o n  but by a gradual  change in the spin 

o r i e n t a t i o n .  For a constant  Tow temperature but wi th 

i ncreas i ng x , the spin d i r e c t i o n  remains constant  u n t i l  

the a n t i f e r r oma gne t i c  to mixed phase boundary is reached.  

The spin d i r e c t i o n  then g r a d ua l l y  s h i f t s  u n t i l  the high x 

o r i e n t a t i o n  is reached and the second mixed to 

a n t i f e r r oma g ne t i c  phase boundary is crossed.  The 

t e t r a c r i t i c a l  point  occurs where the four  l i nes  in the 

diagram meet.  I f  the competing an i sot ropy between the two 

magnet ic s i t e s  were made l a r g e r , the mixed phase would 

become narrower u n t i l  the c r i t i c a l  l i nes came t oget her  to 

form a s i ng l e  f i r s t  order Tine wi th a t r i e r  i t i ca l  po i nt .  

The 5-DA and y - D A C u C T ^ B r ^ , ^ ^  systems wi lT be discussed 

in terms of  a t e t r a c r I t i c a T  system as i TTust rated in 

Fi gure 4,  however there  is not only competing ani sot ropy  

but also a competing ant i  f er romagnet i c  to fer romagnet i c  

compet i t i on .  In c o n t r a s t , the l arge a n i so t r op i e s  in 

CbNiTAC suggest a very narrow or nonexi st ent  mixed phase 

regi on.

Spin Glasses

Extensi ve reviews on the spin glass phenomena have

been publ ished by Anderson, ^  My d o s h ^ 5 F i s h e r ^ ’ ^  and
3 6Binder and Young. The word "glass" as used here r e f e r s  

to an amorphous or random system in which t here  is a



17

" v i s c o s i t y "  or t ime dependent change in some thermodynamic 

v a r i a b l e .  For an or d i nar y  glass t h i s  corresponds to a 

shape (volume) change wi th t ime when a pressure change is 

i nt roduced;  f or  a f e r r o e l e c t r i c  glass t h i s  is a d i e l e c t r i c  

s u s c e p t i b l i t y  change wi th t ime f or  a change in the. appl ied  

e l e c t r i c  f i e l d ;  and f o r  a spin glass t h i s  is a change in 

magnet i za t i on wi th t ime f o r  a change in the appl i ed  

magnet ic f i e l d .

Two pr ope r t i e s  are recogni zed as necessary but not 

always s u f f i c i e n t  condi t i ons to produce a spin gl ass.  

F i r s t ,  t her e  must be randomness in the arrangement  of  at  

l ea s t  two types of  spins,  and second,  t here  must be 

f r u s t r a t i o n .  F r u s t r a t i o n  r e s u l t s  when two competing 

i n t e r a c t i o n s  t r y  to d r i ve  the spins toward d i f f e r e n t  

lowest  energy s t a t e s .  For spin glasses t here  are three  

common types of  f r u s t r a t i o n :  magnet ic versus non-magnet ic

l a t t i c e  s i t e s ,  f e r romagnet i c  versus an t i f e r r omagnet i c  

exchange and competing an i s o t r op i e s  .

Given the minimal  condi t i ons to obtai n a spin gl ass,  

one must then ask what p r ope r t i e s  must such a system 

possess to be c a l l e d  a spin g l ass .  Again t her e  are three  

recogni zed p r o p e r t i e s : " ^  f i r s t ,  magnetic moments must be 

f rozen in below a t e mpe r a t u r e , T , such t h a t  a cusp 

r e s u l t s  in ac s u s c e p t i b i l i t y  versus temperature  

measurements at  ; second,  t here  must be magnet ic
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r e l a x a t i o n  on a macroscopic t ime scale below T when9
t here  are changes in the magnet ic f i e l d ;  t h i r d  there is a 

lack of  long- range magnetic order .  This t h i r d  cond i t i on ,  

however,  can be re l axed as in the CoNiTAC system presented 

in t h i s  work in which the spin glass s t a t e  occurs along 

wi th a fer romagnet i c  s t a t e .  The dc magnet i za t i on and ac 

s u s c e p t i b i l i t y  data f o r  CoNiTAC w i l l  be considered in 

r e l a t i o n  to the f i r s t  two c r i t e r i a .
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EXPERIMENTS

Sample Preparat i on and Analysi s ■

Many of  the CoNiTAC c r y s t a l s  and powders and the n-DA 

powders were prepared f or  these exper iments by Professor  

Kenneth Emerson of  the MSU Chemistry Depar tment . (n-DA is 

used here as an a bbr ev i a t i on  f o r  the whole ser i es  of  

diammonium copper t e t r a c h l o r i d e s . )  The r es t  of  the 

samples were prepared in t h i s  l a b or a t o r y .  In general  the 

metal  ha l i des  and the ammonium ha l i des were di ssol ved in 

water  such t h a t  the r a t i o  of  metal  to amine was 1:1.  The 

metal  r a t i o  in the MTAC compounds and the ha l i de  r a t i o  in 

the n-DA compounds were adj usted to obtai n the var ious  

mixed compounds. One drop of  concent rated HCl was added 

to each MTAC so l u t i on  since an a c i d i c  s o l u t i on  was found 

to increase c r y s t a l  s i ze  in N i T A C The so l ut i ons  

were al lowed to evaporate undisturbed and the r e s u l t i n g  

p r e c i p i t a t e s  were removed by f i l t r a t i o n .

The MTAC c r y s t a l s  formed do not contain the same 

metal  percentages as the so l ut i ons  from which they were 

pr epar ed . The metal  percentages in MnCoTAC and MnNiTAC 

samples were obtai ned from graphs of  manganese as percent  

of  t o t a l  metal  in s o l u t i on  versus mole f r a c t i o n  manganese
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in the c r y s t a l s  as determined by Li ndbeck. ^  The metal

percentages in CoNiTAC were determined by atomic

absorpt i on analyses f or  cobal t  and n i c k e l .  Analyses were

commissioned from the MSU A g r i c u l t u r a l  A n a l y t i c a l  Lab and

from Ga l b r a i t h  La bor a t or i e s .  Using these r e s u l t s ,  a graph

of  n i cke l  as percent  of  t o t a l  metal  in the pr epar a t i v e

sol ut i ons  versus mole f r a c t i o n  n i cke l  in the c r y s t a l s  f or

CoNiTAC was obtai ned and is presented in Fi gure 5.

Sca t t e r  in' the data poi nts in Fi gure 5 is not due to

er r or s  in the percent  n i cke l  in the so l ut i ons  or the metal

analyses of  the c r y s t a l s  and so must be a t t r i b u t e d  to

random v a r i a t i o n s  in how the c r y s t a l l i z a t i o n  takes pl ace.

The slope of  the curve in Fi gure 5 is not as steep as the
37curve determined by Lindbeck and again may be a 

r e s u l t  of  the method of p r e p a r a t i o n .

Small  c r y s t a l s  of  CoNiTAC weighing up to 0 . 3  mg were 

obtai ned from the i n i t i a l  p r epar a t i ons .  Because of the 

l a r ge ,  low temperature magnet ic moment of  CoNiTAC, t h i s  

smal l  s i ze  was s u f f i c i e n t  f o r  magnet ic measurements. The 

c r y s t a l s  are uni form in appearence and the t hree  

c r y s t a l  Tographic axes are e a s i l y  i d e n t i f i e d  v i s u a l l y .  The 

c r y s t a l s  are n e e d l e - l i k e  wi th the long axis being be 

b - a x i s .  They are also d i chr o i c  and are purpl e  to brown 

when looked at  along the c - a x i s  and green along the 

a - a x i s .
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F i g u r e  5.  Percent  n i c k e l  in the  s o l u t i o n s  used to  prepare  the  mixed CoNiTAC
Samples versus pe rc en t  n i c k e l  in the  r e s u l t a n t  c r y s t a l s .



22

A cons tan t ' t empera tu re  and humidi ty box was b u i l t  in 

order  to grow c r y s t a l s  of the n-DA compounds by slow 

e v a p o ra t i o n . Several  c r y s t a l s  of  7-DA weighing about 5 mg 

were obta ined.  While these c r y s t a l s  are smal ler  than was 

hoped fo r  and of a very poor q u a l i t y ,  some informat ion  

could s t i l l  be obtained from them.

The V ib r a t i n g  Sample Magnetometer

Most of  the measurements which w i l l  be reported were 

obtained using a v i b r a t i n g  sample magnetometer.  Since 

magnet iza t ion is also a func t ion  of appl ied f i e l d  and 

temperature ,  our apparatus consists  of several  other  

subsystems in ad d i t ion  to the magnetometer i t s e l f .  These 

include an e lectromagnet  wi th f i e l d  c o n t r o l ,  a c ryostat  

with temperature measurement and control  c a p a b i l i t y  and a 

computer i n te r fa c e d  to these other  systems.

The c l a s s ic  design of  a v i b r a t i n g  sample magnetometer
38was developed by Foner . Our magnetometer is however a 

commercial  model,  s p e c i f i c a l l y  an EG&G PAR model 155. A 

mechanical  assembly v ib ra te s  a r i g i d  sample rod at  a 

f requency of  82 .5  Hz (60 Hz and i t s  harmonics are avoided 

because of  power l i n e  no is e ) .  The sample in quest ion is ' 

mounted at  the lojwer end of the sample rod which is 

us ua l l y  s i t u a t e d  between the c o i l s  of  a magnet.  The lower  

por t ion  of  the rod is made of non-magnetic m at e r ia ls  to
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minimize background s ig n a ls .  As the sample v ib ra tes  i t  

induces an ac current  in pick-up c o i l s  mounted nearby.

The ac s ignal  from the sample has a f requency of  82.5 Hz 

and an ampli tude, p rop or t io na l  to the magnet iza t ion of the 

sample and to the ampl i tude of  the v i b r a t i o n .  Charged 

ca pac i to r  p la tes  fo r  which the a i r  gap changes with the 

v i b r a t i o n  provide a standard so th a t  the detected signal  

can be made independent of v i b r a t i o n a l  ampl i tude.  The 

s igna l  then passes through a phase s e n s i t i v e  de tec tor  and 

the r e s u l t a n t  magnet iza t ion is d isplayed in emu. The 

magnetometer is c a l i b r a t e d  wi th a n icke l  standard for  

which the s a t u r a t io n  magnet iza t ion per gram is wel l  known.

The apparatus is equipped with a Janis Model 153 

l i q u i d  hel ium c r yo s t a t  made s p e c i f i c a l l y  f o r  magnetometer 

measurements. Before a data c o l l e c t i n g  session the  

cr yo s t a t  r e s e r v o i r  is f i l l e d  wi th l i q u i d  hel ium.  The 

hel ium is then metered through a needle valve and 

vapor ized by a v a r i a b l e  hea te r .  The hel ium gas f lows by 

the sample and the temperature of the sample is c o n t r o l l e d  

by r e g u l a t i n g  the f low r a te  and the heater  c u r r e n t . 

Temperatures from 300 K to 4 K can thus be achieved.  By 

pumping on the sample chamber, the temperature of  the 

hel ium gas can be reduced so th a t  temperatures down to 1.7 

K can be a t ta in e d  by t h i s  c r y o s t a t .
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The temperature is monitored by carbon glass 

r es is tan ce  thermometry.  The carbon glass r e s i s t o r  is 

mounted on the sample rod as close to the sample as 

poss ib le .  A wel l  c o n t r o l l e d  current  is passed through the  

r e s i s t o r  and the vo l tage drop across the r e s i s t o r  is 

measured in order to determine i t s  r e s i s t a n c e , and then 

from a c a l i b r a t i o n  char t  the temperature is determined.  

Carbon glass is used fo r  the sensor because of  two 

important  p r o p e r t i e s .  The res is tan ce  changes are. large at  

low temperatures making the thermometer s e n s i t i v e  to  

changes of  less than one m i l l i k e l v i n  at 4 K. Also,  the  

res i s ta n ce  is very i n s e n s i t i v e  to the magnetic f i e l d s  

which must be appl ied to make magnet iza t ion measurements.

The magnetic f i e l d  is generated by a WaI ker/Magnion  

l a b o r a t o ry  electromagnet  with a 3 1/2 inch pole gap. The 

magnet is powered by a Br idgewater ,  b i p o la r  power supply 

which suppl ies curren ts  of  -25 to +25 amperes. In the 

magnet pole gap t h i s  corresponds to f i e l d s  of  - 5 5 0 0 . to 

+5500 Oersted.  The power supply is b i p o la r  which means 

th a t  the f i e l d  can be swept cont inuously  from p o s i t i v e  to 

negat ive  values wi thout  mechanical  swi tch ing.  This is 

important  fo r  low f i e l d  measurements (below 50 Oe) and f o r  

obta in ing  hys t e r es is  loops which need to be scanned 

through zero f i e l d .  A Bel l  Model 160 Gaussmeter monitors  

the appl i e d  f i e l d .
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The experiment  can be computer c o n t r o l l e d  through an 

Apple 11E computer and an IEEE bus to a EG&G PAR model 145 

VSM i n t e r f a c e .  The i n t e r f a c e  has two inputs which record 

the f i e l d  being measured on the gaussmeter and the 

magnet iza t ion displayed on the magnetometer's panel mete r . 

There is also one output fo r  remote ly  c o n t r o l l i n g  the 

appl ied magnetic f i e l d .  As a f u t u r e  improvement to th is  

ap para t us , a d i r e c t  IEEE l i n e  to a d i g i t a l  vo l tmete r  is 

being considered so t h a t  temperature can also be recorded 

d i r e c t l y  by the computer.  Other hardware fo r  data output  

from the computer includes a IEEE in te r fa c e d  Houston 

Int ruments DMP-40 P l o t t e r  and a p a r a l l e l  in te r fa c e d  

p r i n t e r .  Al I data are also stored on 5 1/4 inch f loppy  

disks fo r  a r c h iv a l  purposes.

The sof tware suppl ied wi th the magnetometer system is 

u n f o r t u n a t e l y  not s u i t a b l e  fo r  the type of  measurements 

done in t h i s  l a b o r a to r y .  A set of  rou t ines has been 

w r i t t e n  to a l low one to u t i l i z e  the t ime saving power of  

computer storage and r e t r i e v a l .  These programs are 

w r i t t e n  in modules and include:  A menu program for

i n i t i a t i n g  other  opt ions;  magnetometer operat ion programs 

f o r  s e t t i n g - t h e  magnetic f i e l d ,  c o l l e c t i n g  magnet izat ion  

versus temperature and c o l l e c t i n g  magnet iza t ion versus 

f i e l d ;  output  programs fo r  p r i n t i n g  data f i l e s  and for  

p l o t t i n g  data and t h e o r e t i c a l  l i n e s ;  and manipulat ion
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programs fo r  conver t ing carbon glass re s is tance  values'  to 

temperature ,  modi fying data sets and f i t t i n g  data to 

t h e o r e t i c a l  models.

Al I data f i t t i n g  was done by computer using the 

simplex method. 3 9 ’ n parameters an n - d imension a I 

space is s e t - u p . ( n + I )  guesses are made f o r  a best f i t ,  

and these guesses form the corners of a simplex (a simplex 

being def ined as a f i g u r e  in an n -d imensional space having 

n + 1 v o r t e x e s ) .  .. By c a l c u l a t i n g  the standard dev i a t ion  fo r  

these po in ts ,  ad jus t ing  the simplex and r e c a l c u l a t i n g  

r e p e a te d ly ,  the simplex moves and contracts  u n t i l  i t  

converges on the best f i t .

Measurements on GoNiTAC

Magnet i za t ion  Versus Temperature  
Measurements

2 5In a d d i t i on  to samples p r ev iou s ly  s tud ied ,  

powder samples conta in ing  50, 53, 58, 60 and 65 percent  

n icke l  were examined in order to determine t h e i r  

a n t i f e r r o m a g n e t ic  and spin glass t r a n s i t i o n  temperatures.  

The powder s u s c e p t i b i l i t y  versus temperature curve fo r  

both zero f i e l d  cooled and f i e l d  cooled runs fo r  the 53% 

sample is shown in Figure 6. At low temperatures the 

upper set of  data represents the f i e l d  cooled curve,  and
t

the lower set  of  data represents the zero f i e l d  Cooled 

c u rv e . The temperature at  which the curves j o i n  is the



T (K)

F i gur e  6.  Ma g n e t i z a t i o n  versus t emper a t ur e  at  50 Oe f o r  a powder sample
c o n t a i n i n g  53% n i c k e l .  Both zero f i e l d  cool ed and f i e l d  cooled
curves are shown.
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spin glass t r a n s i t i o n  tempe ra tu re . The an t i  ferromagnet ic  

t r a n s i t i o n  temperature is determined as the point  of  

steepest  slope as temperature is increased.  These values 

in conjunct ion wi th p rev ious ly  determined values were used 

to const ruct  the CoNiTAC phase- diagram which w i l l  be 

presented and discussed in a subsequent c h a p t e r .

S ingle  c r y s t a l  samples of  CoNiTAC weighing 0.1 to 0 .3  

mg were measured wi th magnetic f i e l d s  appl ied along t h e i r  

th ree  c r y s t a l ographic axes. Measurements were performed 

in an f i e l d  of 50 Oe in order to remain in the  

f e r romagnet ic  and a n t i f e r r om ag ne t i c  regions at  low 

temperature and to avoid the high f i e l d  paramagnetic  

re g ion .  A lower f i e l d  was not used since s e n s i t i v i t y  is 

pr op or t io na l  to both the f i e l d  and sample s i ze  and the 

sample s i ze  is a l ready  very sma l l .

The b or chain axis which is the long axis  

morpho log ica l l y  gave no measurable s ig n a l .  This is 

understandable since both CoTAC and NiTAC have t h e i r  spins 

conf ined to the a-c plane.  Therefore  no data is shown fo r  

t h i s  axis and i n t e r e s t  w i l l  be c o n f i ne d . to  the a-c plane.

Magnet iza t ion  versus temperature from 2 to 6 K was 

measured along the a and c axes fo r  var ious n icke l  

percentages in CoNiTAC. Figures 7, 8, 9 and 10 show the 

magnet iza t ion versus temperature along the a and c axes 

fo r  30,  36, 44 and 58 percent  n i c k e l .  In a l l ,  14 CoNiTAC
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F i gur e  7.  Ma g n e t i z a t i o n  versus t emper a t ur e  at  50 Oe f o r  a s i n g l e  c r y s t a l  of
CoNiTAC c o n t a i n i n g  30% n i c k e l .  T r i a n g l e s  are f o r  the c ax i s
( a n t i f e r r o m a g n e t i c )  and c i r c l e s  are f o r  the a ax i s  ( f e r r o m a g n e t i c ) .
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Figure 8. Magnet izat ion versus temperature at  50 Oe fo r  a s ingle  c r y s ta l  of  
CoNiTAC conta in ing 37% n i c k e l . Open c i r c l e s  are fo r  the c axis  
( a n t i f e r r o m a g n e t i c ) and so l id  c i r c l e s  are fo r  the a axis  
( fer romagnet ic  ) .
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F i gur e  9.  Ma g n e t i z a t i o n  versus t emper a t ur e  at  50 Oe f o r  a s i n g l e  c r y s t a l  of
CoNiTAC c o n t a i n i n g  44% n i c k e l .  T r i a n g l e s  are f o r  the c ax i s
( a n t i f e r r o m a g n e t i c )  and c i r c l e s  are f o r  the a ax i s  ( f e r r o m a g n e t i c ) .
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F i gur e  10.  Ma g n e t i z a t i o n  versus t e mpe r a t ur e  at  50 Oe f o r  a s i n g l e  c r y s t a l  of

CoNiTAC c o n t a i n i n g  58% n i c k e l .  T r i a n g l e s  are f o r  the c ax i s
( a n t i f e r r o m a g n e t i c )  and c i r c l e s  are f o r  the a ax i s  ( f e r r o m a g n e t i c ) .
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samples wi th n icke l  percentages ranging from 30% to 70%

were measured. The four  r e s u l t s  shown are r e p r e s e n t a t i v e

of  a l l  samples s tud ied .  In some cases, whi le  the

t r a n s i t i o n  temperatures could be o b ta in ed , the data

contained s u b s t a n t ia l  noise due to the small  s i ze  of the

c r y s t a l s  used. In Figures 7 through 10, open c i r c l e s

represent  the c ax is  and closed c i r c l e s  represent  the a

axis s u s c e p t i b i l i t y .  The c (easy)  axis shows an o v e r a l l ,

th ree dimensional ,  an t ! f e r r om ag ne t ic  o rde r ing ,  whi le  the a

axis shows a fe r romagnet ic  order ing due to spin cant ing in

t h i s  d i r e c t i o n .  This is s i m i l a r  to the r e s u l t s  found fo r  
I 1 n

CoTAC and N i TAC. Figures 7 and 9 show a drop in the a

axis  s u s c e p t i b i l i t y  at  low temperatures owing to small

c r y s t a l l i t e s  which were at tached to the main c r y s t a l  but

misal igned with respect  to the axis under co ns id er a t io n .

Never the less ,  the t r a n s i t i o n  temperatures can s t i l l  be

determined from these graphs. The data are a combination

of f i e l d  cooled and zero f i e l d  cooled data ,  and th er e f o re

show a separat ion  in the data below T . This is
9 -

the h i s t o r y  dependence of the sample whi le  in the spin 

glass s t a t e .  These separat ions a re ,  however,  not uniform 

and d i s t i n c t ,  and so they could not be studied  

q u a n t i t a t i v e l y .  A close comparison of the 30,  36 and 44 

percent  samples wi th the 58 percent  sample shows tha t  the  

t r a n s i t i o n  temperature is s l i g h t l y  lower in the l a t t e r
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cases.  This ind ica tes  lowering of  the t r a n s i t i o n  

temperature near the t e t r a c r i t i c a I  point  as described  

l a t e r  wi th respect  to the temperature versus composition 

phase diagram. The fer romagnet ic  t r a n s i t i o n  temperature  

has also been seen to s h i f t  wi th respect  to the  

a n t i f e r r om ag ne t i c  t r a n s i t i o n .  For the examples shown 

h e re , the fer romagnet ic  t r a n s i t i o n  s h i f t e d  s l i g h t l y  lower 

in the 58. percent  n i cke l  sample and s l i g h t l y  higher in the 

30 and 44 percent  samples. A c a re fu l  examinat ion of  t h i s  

e f f e c t  in many samples revealed no c o r r e l a t i o n  with the  

composi t ion of  the samples and thus no explanat ion  for  

t h i s  s h i f t  is conclus ive .

Magnet i za t ion  Versus Appl ied  
F ie ld  Measurements

Figures 11 and '12 are p lo ts  of magnet iza t ion versus 

appl ied f i e l d  along the c axis at 3 K fo r  the 37% and 58% 

n icke l  samples,  r e s p e c t i v e l y .  The magnetic f i e l d  was 

scanned from +1000 Oe to -1000 Oe and then back to +1000,  

Oe. As expected there  is no hyste res is  in the  

magnet iza t ion along t h i s  a x is .  In f a c t ,  f o r  most of the.  

curve in Figure 11 i t  is not even evident  th a t  

measurements were taken wi th both increas ing and 

decreasing magnetic f i e l d .  F igure 12 shows a small  

separat ion  in magnet i za t ion f o r  low f i e l d s ,  but by 

repeat ing  the experiment  wi th an,empty sample ho lder ,  t h i s
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F igure 11. Ma g n e t i z a t i o n  versus a p p l i e d  f i e l d  f o r  a s i n g l e  c r y s t a l  of  CoNiTAC
c o n t a i n i n g  37% n i c k e l  and o r i e n t e d  along the c or
a n t i f e r r o m a g n e t i c  a x i s .
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separat ion  was found to be due to the magnetometer and not 

the sample. The f l a t  por t ion  of  the curve near zero f i e l d  

is where the samples are in t h e i r  ant ! ' ferromagnet ic phases 

with an t i  fe r romagnet ic  to paramagnetic t r a n s i t i o n s  at  

about 200 Oe. This is s i g n i f i c a n t l y  higher than the 

metamagnetic t r a n s i t i o n s  which fo r  pure CoTAC and NiTAC 

are at  about 60 Ge. This higher  f i e l d  t r a n s i t i o n  probably  

r e f l e c t s  the f rozen nature of the spins at  t h i s  

t e m p er a t u re .

Figures 13 and 14 are p lo ts  of  magnet iza t ion versus 

appl ied f i e l d  along the a axis at 3 K f o r  the 37% and 58% 

n icke l  samples,  r e s p e c t i v e l y .  They show steep 

fe r romagnet ic  curves which sa tu r a t e  at  about 100 Oe. The 

f i e l d  was scanned from +200 Oe to -200 Oe and then back to  

+200 Ge. The upper set of  data is fo r  decreasing f i e l d  

and the lower set fo r  an increas ing f i e l d .  Wi thin  

exper imental  e r r o r ,  the hys t e r es is  loop in t h i s  compound 

is less than 10 Oe wide.  This in d ic a t es  th a t  these are 

very so f t  magnetic m at e r ia ls  and th a t  domain pinning is 

not very e f f e c t i v e  even though two kinds of  metal s i t es  

are mixed. Long r e l a x a t i o n  t imes which were observed in 

the ac s u s c e p t i b i l i t y  are discussed in the next main 

se c t i on .  They most l i k e l y  r e s u l t  from the spin glass 

phenomenon r a t h e r  than fe r romagnet ic  domain p inn ing.
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The 37% and 58% n icke l  samples have been used as 

examples since a l l  the magnet iza t ion versus appl ied f i e l d  

show ne ar ly  i d e n t i c a l  r e s u l t s .  Magnet i za t ion  versus f i e l d  

curves obtained f o r  both the a and c axes fo r  n icke l  

percentages of  38, 42,  44,  54, 59 and 64% are th er e fo re  

not shown e x p l i c i t l y .

Thermoremanent Magnet izat ion  
Data

Single  c r y s t a l  samples of CoNiTAC were also examined 

fo r  thermoremanent magnet iza t ion ( TRM).  A magnetic f i e l d  

of 1000 Oe was appl ied above Tq and then the  

temperature was lowered to 2 .4  K. When the f i e l d  was then 

removed, the decrease in the magnet iza t ion was monitored.  

Along the a n t ! f e r ro m ag ne t ic  (c ax is )  d i r e c t i o n  the 

magnet iza t ion dropped to zero w i t h i n  a t ime equal to the  

response t ime, of  the magnetometer in d i c a t i n g  no TRM in 

t h i s  d i r e c t i o n .  Along the fer romagnet ic  (a ax is )  

d i r e c t i o n  a much longer t ime was necessary f o r  the 

magnet iza t ion to s t a b l i z e ,  as expected fo r  the TRM e f f e c t  

found in spin glasses.  Thermoremanent magnet izat ion was 

t h e r e f o r e  only observed in the fer romagnet ic  d i r e c t i o n .  

Because of. the weak s igna ls  obtained from the small  s ing le  

c r y s t a l s ,  no good q u a n t i t a t i v e  measurements could be made. 

However, because the b axis magnet iza t ion is always very  

smal l ,  and the c axis magnet iza t ion as shown in Figures 11
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and 12 is near zero at  low f i e l d s ,  TRM measurements on 

powder samples are in e f f e c t  measurements of  the a axis  

magneti z a t i o n .

The TRM versus t ime was t h e r e f o r e  examined for  

CoNiTAC powder samples fo r  which l a rger  sample sizes  

al lowed q u a n t i t a t i v e  r e s u l t s  to be obta ined.  TRM versus 

t ime was examined in d e t a i l  f o r  34%, 58% and 72% nickel  

and fo r  temperatures between 2 .4  and 3 .2  K in order to  

determine the f u n c t io n a l  form of  the decay of the  

magnet i za t ion .  A f i e l d  of  50 Oe was appl ied above Tc , 

temperature was lowered at  a r a te  of about 0 .05  K /se c , the 

system was al lowed to s t a b i l i z e  at  the desi red temperature  

fo r  about 30 sec,  and the f i e l d  was switched to 0 ± 0.05  

Oe. TRM versus t ime fo r  the var ious temperatures is shown 

in Figures 15, 16, and 17 fo r  34%, 58% and 72% n i c k e l ,  

r e s p e c t i v e l y .  The so l id  l ines  are f i t s  to the data and 

w i l l  be considered in the discussion se c t i on .  Because of  

a mechanical  delay of 5 sec in lowering the f i e l d  to zero 

and a I sec t ime constant  in the magnetometer,  data for  

t imes shor te r  than 10 sec could not be taken wi th . 

conf idence.

AC S u s c e p t i b i l i t y  of  CoNiTAC.

Since a cusp in AC s u s c e p t i b i l i t y  is one of the major  

c r i t e r i a  f o r  l a b e l l i n g  a m at e r i a l  as a spin g lass ,  AC 

s u s c e p t i b i l i t y  measurements in zero f i e l d  on several  of
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F i gur e  15.  Thermoremanent  ma g n e t i z a t i o n  versus t ime (50 Oe i n i t i a l  f i e l d )  f o r
the 34% sample at  2 . 4 ,  2 . 6 ,  2 . 8 ,  3 . 0  and 3 . 2  K. The s o l i d  l i ne s
are f i t  to a s t r e t c h e d  e x p o n e n t i a l  wi th a const ant  o f f s e t .
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F i gur e  16.  Thermoremanent  ma g n e t i z a t i o n  versus t i me (50 Oe i n i t i a l  f i e l d )  f o r
the 58% sample.  The l i n e s  f rom top to bottom were taken at  2 . 4 ,
2 . 6 ,  2 . 8 ,  3 . 0  and 3 . 2  K. The s o l i d  l i n e  are f i t  to a s t r e t c he d
e x p o n e n t i a l  wi t h  a const ant  o f f s e t .
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F i gur e  17.  Thermoremanent  ma g n e t i z a t i o n  versus t i me (50 Oe i n i t i a l  f i e l d ) f o r
the 72% sample.  The l i n e s  f rom top to bottom were taken at  2 . 4 ,
2 . 6  and 2 . 8  K. The s o l i d  l i n e s  are f i t  to a s t r e t c he d  e x p o n e n t i a l
wi t h  a const ant  o f f s e t .
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the CoNiTAC mixed c r y s t a l s  have been c a r r i ed  o u t . 

D i f f e r e n t i a l  s u s c e p t i b i l i t y  measurements were performed by 

using a mutual - inductance br idge which in turn u t i l i z e s  a 

SQUID (superconduct ing quantum i n te r fe r e n c e  device)  as a 

nu l l  d e te c to r .  The ampl i tude of  the e x c i t a t i o n  f i e l d  was 

approximate ly  0 .0075 Oe, and the frequency of  e x c i t a t i o n  

was e i t h e r  80 or 160 Hz. A magnetic sh ie ld  surrounded the  

l i q u i d  hel ium dewar in order  to e l i m in a te  the e f f e c t s  of  

ex te r na l  f i e l d s .  A superconduct ing,  lead sh ie ld  was 

placed in the hel ium dewar to f u r t h e r  sh i e ld  the  

measurement c o i l s  surrounding the sample. S ingle  c r y s t a l s  

weighing approximate ly  0 .3  mg were mounted wi th t h e i r  a 

and then t h e i r  c axis p a r a l l e l  to the e x c i t a t i o n  and 

measurement c o i l s .  The temperature of the sample was held 

at 6 K ( in  the paramagnetic phase) .  A f t e r  the system had 

stab I i zed , the temperature was slowly lowered through the  

t r a n s i t i o n  temperature whi le  temperature and 

. s u s c e p t i b i l i t y  were recorded on an x -y  p l o t t e r .

F igure 18 shows the r e s u l t s  fo r  a CoNiTAC c r ys ta l  

with 49% Ni at  an e x c i t a t i o n  f requency of  80 Hz.. The 

dashed l i n e  is the c axis s u s c e p t i b i l i t y .  Since th is  is 

the easy or a n t i f e r r om ag ne t ic  a x is ,  as temperature is 

lowered there  is a r i s e  in the s u s c e p t i b i l i t y  fo l lowed by 

a decrease as T , the c r i t i c a l  temperature f o r  o r d e r i n g , 

is reached.  This in d i ca te s  normal three dimensional
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Figure 18. S u s c e p t i b i l i t y  versus temperature fo r  a 49% Ni sample of CoNiTAC.

Sol id  l i n e  is the rea l  par t  of  the s u s c e p t i b i l i t y  along the a 
ax i s .  Dashed l i n e  is the r ea l  par t  of  the s u s c e p t i b i l i t y  along 
c a x is .  Dotted l i n e  is the imaginary part  of the s u s c e p t i b i l i t y  
along the a ax is .
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order ing and the DC magnet iza t ion data of Figures 7 

through 10 f o l l o w  t h i s  shape qu i te  c l o s e l y .  The 

quadrature or ou t -o f -phase component of the s u s c e p t i b i l i t y  

along t h i s  axis was e s s e n t i a l l y  zero ( l e ss  than one 

percent  of  the in-phase component).  These measurements 

are co ns is ten t  with no TRM having been seen along th is  

axis in the magnet iza t ion measurements.

The zero f i e l d ,  a axis s u s c e p t i b i l i t y ,  which is 

i l l u s t r a t e d  in Figure 18 with a s o l id  l i n e ,  shows a qu i te  

d i f f e r e n t  behavior .  As temperature is lowered the 

s u s c e p t i b i l i t y  increases r a p i d l y  and then sharply  

decreases as the glassy phase is en tered .  Not ice th a t  the  

temperature axis spans a very narrow temperature range, 

and t h e r e f o r e  the peak in the s u s c e p t i b i l i t y  is indeed 

qu i te  narrow. Magnet i za t ion  measurements (see Figures 7 

to 10) on the other  hand show a sharp r i s e  as temperature  

is i n i t i a l l y  lowered but then g r ad ua l l y  l ev e l  o f f  to a 

large magnet iza t ion at  low temperatures .  That p lateau is 

a s igna l  about twice  the s i ze  of  the ac s u s c e p t i b i l i t y  

peak as determined by comparison with the c ax is  s ig na ls .  

In the AC exper iment  the spins are f rozen and cannot  

respond to a r a p i d l y  o s c i l l a t i n g  f i e l d ,  thus the measured 

s u s c e p t i b i l i t y  diminishes ab ru p t l y  when the spin glass 

region is en tered .  This is r e f l e c t e d  in the slow change 

in magnet i za t ion when measuring TRM. The sharp peak in
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the s u s c e p t i b i l i t y  is in cont ras t  to pure CoTAC fo r  which 

the AC s u s c e p t i b i l i t y  increases but then cont inues to have 

a large s u s c e p t i b i l i t y ,  in the region of 3 to 4 K . 1

The dashed l i n e  in Figure 18 shows the ou t -o f -phase  

component of  the AC s u s c e p t i b i l i t y .  As the. temperature is 

lowered,  i t s  value increases r a p i d l y  as the in-phase  

component decreases , in d i c a t i n g  th a t  a r e l a x a t i o n  process 

is respons ib le  fo r  the decrease in the in-phase  

s u s c e p t i b i l i t y  r a t h e r  than a spin r e o r i e n t a t i o n .  In other  

words as the spins begin to f r e e z e , the o r i e n t a t i o n  of the 

magnetic moments lag behind the 80 Hz e x c i t a t i o n  f i e l d  

decreasing the in-phase s igna l  and increas ing the  

out -o f -phase  s i g n a l .  As the f r e e z in g  of the spins 

inc reases ,  both in-phase and quadrature s igna ls  become 

small  since the spins are now too sluggish to respond at  

a l l  to the .80 Hz o s c i l l a t i o n .

Figure 19 shows the a axis s u s c e p t i b i l i t y  of  60% Ni 

at  both 80 Hz and 160 Hz. Above the t r a n s i t i o n  

temperature there  is no f requency dependence. However,  

below the t r a n s i t i o n  temperature the higher f requency  

decreases f a s t e r  since the slow t ime constant  fo r  the spin 

glass has more e f f e c t  in t h i s  case..  While a f requency  

dependence consis ten t  wi th a spin glass is demonstrated,  a 

s h i f t  in the t r a n s i t i o n  temperature as a func t ion  of  

frequency,  c h a r a c t e r i s t i c  of  a spin glass is not seen.



T (K)
Figure 19. Real par t  of  the s u s c e p t i b i l i t y  versus temperature for  a 60% Ni 

sample of CoNiTAC along the a a x is .  Sol id l ine  is for  a f requency  
of 160 Hz and dashed l i n e  is fo r  80 Hz.
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Since the SQUID probe is tuned over a small  range of  

f req uen c ie s ,  and s h i f t s  in the t r a n s i t i o n  temperature are 

d e f i n i t e  only f o r  f requencies  measured over many orders of  

magnitude,  the lack of  a t r a n s i t i o n  temperature s h i f t  is 

not s u r p r i s i n g .

In conclusion,  the AC s u s c e p t i b i l i t y  of  the CoNiTAC 

system is cons is ten t  with t h a t  expected of a .spin  glass.  

The spin glass behavior  is also conf ined to the  

fe r romagnet ic  axis support ing the r e s u l t s  obtained from 

s in g le  c r y s t a l  DC measurements.

EPR Measurements on CoNiTAC

Elect ron paramagnetic resonance (EPR) spectroscopy  

can complement bulk magnet iza t ion measurements by y i e l d i n g  

in format ion  on the environment of i n d i v id u a l  spins.  

P a r t i c u l a r l y  magnetic an iso t ropy but also t r a n s i t i o n  

temperatures and exchange f i e l d s  can be obtained from EPR. 

U n f o r t u n a t e l y , wi th the cobal t  and n icke l  s i t e s  in close  

prox imi ty  sp in-sp in  r e l a x a t i o n  broadens the resonance 

l i n es  considerably  fo r  CoNiTAC making d e t a i l e d  analysis  

impossib le .  The h a l f  width of the l in e  is about 500 Oe at  

300 K, but no in fo rmat ion  about the spin an iso t ropy could 

be obtained between 4 and 300 K.

MnCoTAC and MnNiTAC Magnet i za t ion  Measurements

■ Magnet i za t ion versus temperature data were obtained  

fo r  var ious mole f r a c t i o n s  of  n icke l  or coba l t  in MnTAC.
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As more cobal t  or n icke l  was added to MnTAC, the

t r a n s i t i o n  temperature became very low and then ev e n t u a l l y

increased again as pure CoTAC and pure NiTAC compositions

were approached.  Because of the severe lower ing of the

t r a n s i t i o n  temperature in the mixed systems, only metal

percentages around 100% Mn could be in ve s t ig a te d  below

T^. Although spin glass behavior  has been reported for
24low concent rat ions of manganese, no t ime dependence and 

t h e r e f o r e  no spin glass behavior  was seen in these  

mixtures due to the low temperatures of the t r a n s i t i o n s .  

Curie and Neel temperatures however can be determined from 

the high temperature data .

Plots of inverse s u s c e p t i b i l i t y  versus temperature ,  

were found to be l i n e a r  except at  very low temperatures  

and were obtained from 2 K to 20 K. Figure 20 shows 

examples of the data fo r  20, 30, 40 and 60 percent  cobal t  

in MnCoTAC and Figure 21 shows the data fo r  10, 20, 30 and 

60 percent  n icke l  in MnNiTAC• Al I data were c o l l e c te d  in 

an appl ied f i e l d  of  1000 Oe and then corrected  fo r  appl ied  

f i e l d  and sample s i ze .  Al I values have un i ts  of  

mo I es/emu. The decrease in the slope of the, l i nes  in 

Figures 20 and 21 as manganese concentrat ion is increased  

is due to the l a r g e r ,  S = 5 / 2 ,  spin quantum number fo r  

manganese. The l i n e a r  region was ex t ra po la ted  to 1/X 

equals zero.  The i n t e r c e p t  of  the temperature axis is the
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Figure 20. Inverse s u s c e p t i b i l i t y  versus temperature fo r  MnCoTAC powders.

Mixtures conta in ing 20, 30, 40 and 60 percent Co are represented  
r e s p e c t i v e l y  by c i r c l e s ,  squares, t r i a n g l e s  and double t r i a n g l e s .
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Figure 2 1 . Inverse s u s c e p t i b i l i t y  versus temperature fo r  MnNiTAC powders.  
Mixtures conta in ing 10, 20, 30 and 60 percent Ni are represented  
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Curie temperature f o r  a p o s i t i v e  i n t e r c e p t  and the 

negat i ve  of  the Neel temperature f o r  a negat i ve i n t e r c e p t .  

The Tc versus x phase diagram formed from these values 

w i l l  be presented and discussed in a l a t e r  sec t i on .

7,- PA and 5-DA Magnet ic Measurements

The magnet ic p r oper t i es  of  S-DACuCl^ were f i r s t
4 1repor t ed by von Kanel , and the magnetic pr oper t i es

of  n-DACuCl^ f o r  n = 6 to 10 and n-DACuBr^ f o r  n = 5
4 ?to 10 were f i r s t  r epor t ed by Rubenacker et  a I . The

s t r uc t ur e s  of  these compounds are expected to resemble the

s t r u c t u r e  of  2-DACuCl^ which is shown in Fi gure 22 and
42which is taken from Rubenacker et  a I . As n is

i ncreased,  the un i t  c e l l  remains q u a l i t a t i v e l y  s i mi l a r

except  t h a t  l a r ge r  i n t e r p l a n a r  separat i ons are obta i ned.

Al I these compounds form two dimensional  planes of

f e r r omagnet i ca I  Iy coupled spi ns.  The exchange wi t h i n  the

two dimensional  l ayers is through a near l y  l i n e a r ,  s i ngl e

ha l i de  br idge and because of  J a h n - T e l I e r  s p l i t t i n g ,  i t  is 
43f e r r omagnet i c .  Near the order i ng temperature the weak 

i n t e r p lanar  i n t e r a c t i o n  determines the ov e r a l l  three  

dimensional  char act er  of  the compound. This exchange is 

through a t wo - ha l i de  super exchange br i dge .  For the 

c h l o r i d e  ser i es  the weak, i n t e r p l a n e  coupl ing is always 

a n t i f e r r omagnt i c  f o r  n = 2 to 9,  whi l e  f o r  the bromide
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•  Cu 
O Cl 
e N 
(D C

Fi gure 22.  Uni t  c e l l  of  2-DACuC14 showing the pos i t i ons  
of  the ions (except  hydrogen) .  Some of the 
CuCl bonds are included to help show the 
"pucker ing" of  the l ayer s .
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coupl i ng.  For n g r e a t e r  than 4 the compounds behave as

three  dimensional  ant i f e r r omagnet s  f or  even n , but f or  odd

n they become three dimensional  f e r r o magnets.  This

a l t e r a t i o n  is shown in Figure 23 f or  n = 5 to 10.

T r a n s i t i o n  temperatures f or  both n-DA ser i es  are given in 
42

s e r i e s  t h e r e  is a s u r p r i s i n g  a l t e r n a t i o n  of  t he  i n t e r p l a n e

The r e s u l t  is t h a t  f o r  S-DACuCl4x Br4  ̂ andTable I .

T-DACuCl4xBr4 ^ _x j t here  is a competing f er romagnet i c  to 

a n t i f e r r oma g ne t i c  i n t e r a c t i o n ,  and i t  is t h e r e f o r e  

possi bl e  in these systems to have a mixed phase. regi on,  a 

t e t r a c r i t i c a I  p o i n t ,  and perhaps even spin glass behavior .

One f u r t h e r  note concerning S-DACuBr4 should be made. 

The shape of  the s u s c e p t i b i l i t y  curve shown in Figure 23 

is qu i t e  unusual .  I nstead of  the cont i nual  i ncrease in 

magnet i za t i on as temperature is lowered t h a t  would be 

c h a r a c t e r i s t i c  of  a f e r r omagnet , t here  is a pl ateau j us t  

below the c r i t i c a l  t emperature before the magnet i zat i on  

again begins to increase as temperature is lowered.  This 

could poss i b l y  be i n t e r p r e t t e d  as a canted fer romagnet i c  

phase in S-DACuBr4 r a t he r  than a normal f er romagnet i c  

phase.

The powder magnet ic s u s c e p t i b i l i t y  versus temperature  

was obtai ned f o r  var ious mole f r a c t i o n s ,  x,  in 

5-DACuCl4xBr4 ( 1 _x) and T-DACuCl4x Br4 ( ^ x ) .  The 

s u s c e p t i b l i t y  versus temperature curves f o r  these systems
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Fi gure 23.  Powder magnet ic s u s c e p t i b i l i t y  versus
temperature data f o r  n-DACuBr4 wi th n = 5- 10.  
Sol i d data points are re f erenced to the l e f t  
scale and open data points to the r i g h t  s c a l e .



are shown in Figures 24 and 25,  r e s p e c t i v e l y .  From these 

curves the paramagnet ic to ant i  f er romagnet i c  and 

paramagnet ic to fer romagnet i c  t r a n s i t i o n s  were obtai ned.  

Also f o r  i n t e r medi a t e  composi t ions,  a second increase in 

s u s c e p t i b i l i t y  was observed as temperature was lowered,  

and from t h i s  f e a t u r e  the an t i f e r r oma gne t i c  to mixed phase 

t r a n s i t i o n s  were o b t a i n e d .

58

Table I .  Low temperature phases and c r i t i c a l  temperatures  
f or  n-DACUX4 ( F = f er romagnet i c  order i ng and 
AF = a n t i f e r r oma gne t i c  o r de r i n g ) .

n X = Cl Tc (K) X = Br
• T C l K l

2 AT 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

Cryst a l s  of  these compound are small and very poor;

however,  some q u a l i t a t i v e  i n f ormat i on can be obtai ned.

S u s c e p t i b i l i t y  versus temperature data were obtai ned f o r  

7 - D A C u C l ^ B r ^  wi th x = 0 . 24  and x = 0 . 35 both 

p a r a l l e l  and perpendi cul ar  to the plane of  the c r y s t a l s .  

The x = 0 . 24  data is shown in Fi gure 26.  The compound 

shows a mixed phase by behaving as an a n t i fer romagnet  when
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Fi gure 24.  S u s c e p t i b i l i t y  versus temperature f or
5-DACuCl4xBr4 ( i _ x ) wi th x = .12 ( c i r c l e s ) , .47 
(squares ) ,  .65 ( t r i a n g l e s  ) ,  .76 ( double 
t r i a n g l e s  ) ,  and .88 ( + 1s ) .
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Fi gure 25.  S u s c e p t i b i l i t y  versus temperature f or
7-DACuCl4xBr4 ( i _ x ) wi th x = 0 ( c i r c l e s ) , .24 
( squa r e s ) ,  .35 ( t r i a n g l e s ) ,  .47 (double  
t r i a n g l e s  ) ,  .53 ( x ' s ) ,  and 1.0 ( + 1 s ) .



measured p a r a l l e l  to s t r ong l y  coupled planes and as 

f er romagnet i c  when perpendi cu l ar  to those pl anes.  Thus 

the ac t ua l  d i r e c t i o n s  of  the c h l or i de  ant ! ' ferromagnet ic  

easy axis and the bromide f er romagnet i c  easy axis are 

found to be, r e s p e c t i v e l y ,  p a r a l l e l  and perpendi cul ar  to 

the s t r ong l y  coupled planes of  the c r y s t a l s .

61
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Fi gure 26.  S u s c e p t i b i l i t y  versus temperature f or
a 7-DACuCI 4xBr4 ( i _ x ) s i ngl e  c r y s t a l  wi th 
x = .24 both p a r a l l e l  ( t r i a n g l e s )  and 
perpendi cu l ar  ( c i r c l e s )  to the fer romagnet i c  
pl anes.
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DISCUSSION

Phase Diagram of  CoNiTAC

At Ji igh temperatures CoNiTAC is in a paramagnet ic 

phase,  and as temperature is Towered, i t  enters a canted 

a n t i f e r r oma g ne t i c  phase and then the spin glass phase.

Table 2 l i s t s  the n i cke l  percentages and a n t ! f e r r omagne t i c  

t r a n s i t i o n  temperatures f o r  the powder CoNiTAC samples 

st udi ed .  Also l i s t e d  in Table 2 are the hi ghest  

temperatures at  which thermoremanent magnet i zat i on was 

observed.  Those temperatures f o r  each sample were taken 

to be T , the an t i f e r r oma gne t i c  to spin glass  

t r a n s i t i o n  t emperat ure .  From the values in Table 2, the 

t emperature versus composi t ion phase diagram shown in 

Fi gure 27 was const ruct ed.

We have considered the p o s s i b i l i t y  t h a t  the observed

t ime dependent behavior  may be due to random f i e l d s .
44Fishman and Aharony showed, f o r  example,  t h a t  random

f i e l d s  are generated by uni form f i e l d s  in d i l u t e  Ising

ant i f  er romagnets. The random- f i e l d  p r o b l e m ^ ’ ^® and spin 
47glass t heory  are s i m i l a r  in t h a t  the i r r e v e r s a b i I i t y  and. 

t ime dependence can be associ at ed wi th l arge f ree- energy  

b a r r i e r s  whose minima can disappear  as the temperature and
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Fi gure 27.  Phase diagram of  temperature versus x (mole f r a c t i o n  of n i cke l )
f o r  CoNiTAC showing the paramagnet i c , a n t i f e r r oma gne t i c ,  and spin 
glass regi ons.
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f i e l d  are v a r i e d .  In the random f i e l d  case the f ree  

energy minima are associ at ed wi th domain wal l  pinning at  

i m p u r i t i e s .

Table 2.  Ant i f e r r omagnet i c  t r a n s i t i o n  temperatures T and 
spin glass t r a n s i t i o n  temperatures T g  f or  
var ious percentages of  ni ckel  in CoNiTAC.

% Ni
T C T g

Ref.

O 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

a ) Reference 6 .
b ) Reference 10.
c) Corrected values from r e f e rence  26.
d ) This work •

Whi le r andom- f i e l d  systems are g e n e r a l l y  d i l u t e  

an t i f e r r omagnet s ,  undi l ut ed mixed magnet ic systems have 

also been descr ibed in terms of  random f i e l d s .  One 

such example is Fei - x CoxC12 as repor t ed by Wong and 

Cabl e . ^ 8 In t h a t  system t ime dependence was seen when the 

sample was f i e l d  cooled but not when z e r o - f i e l d  cooled 

wi th a magnet ic f i e l d  subsequent ly app l i e d .  This was
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i n t e r p r e t e d  as a domain s t a t e  forming in the f i e l d - c o o l e d  

process , whereas in the z e r o - f i e l d  process long range 

order i ng was o b t a i n e d . I n  CoNiTAC no t ime dependence 

was seen upon f i e l d  cool i ng ,  but r a t he r  the t ime dependent  

behavior  r e s u l t e d  from magnet ic f i e l d  changes and also 

caused a cusp in the ac s u s c e p t i b i l i t y  versus temperature  

at  zero f i e l d .  The r e s u l t s  on CoNiTAC are t h e r e f o r e  

discussed in terms of  a sp i n- g l ass  system.

Both CoNiTAC and NiTAC have s i m i l a r  magnet ic 

p r o p e r t i e s  at  low t emper a t ur es . That i s ,  both are canted 

ant i  f e r romagnet i cs  wi th a net f e r romagnet i c  moment along

the a c r y s t a l l o g r a p h i c  a x i s .  The i n t e r a c t i o n s  which
)

produce the canted t hree  dimensional  spin s t r uc t ur e s  may 

however be qu i t e  d i f f e r e n t  in CoTAC and NiTAC, and the 

observat i on of  spin glass behavior  suggests t h a t  an 

impor tant  d i f f e r e n c e  must be present .

There are two ways in which f r u s t r a t i o n  may be 

i nt roduced and yet  not change the observed magnetic 

p r o p e r t i e s .  The f i r s t  mechanism is to descr i be CoNiTAC as 

a mixed canted a n t i ferromagnet  and canted f e r r omagnet . 

CoTAC has a very weak ant i f e r r oma g ne t ic coupl ing between 

f er romagnet i ca I  I y  coupled pl anes;  however,  the spins are 

canted because of  l arge s i n g l e - i o n  an i so t r opy .  We suggest  

t h a t  a very weak f er romagnet i c  coupl ing e x i s t s  between. the  

planes f o r  NiTAC but ,  as be f or e ,  the l arge s i n g l e - i o n
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ani sot ropy  forces the cant i ng of  the spins and r e s u l t s  in

an t i f e r r oma gne t i c  behavior  in the c d i r e c t i o n .  The

compet i t i on between the i n t e r p l a n a r  f e r r o -  and

an t i f e r r oma gne t i c  "cant ing" could then lead to the

observed spin glass behavi or .  Such a change in sign f or

weak i n t e r p l a n a r  coupl ing accompanied by minor s t r u c t u r a l

change has been observed by us in the d i ammonium
42t e t r a c h l o r o -  and t e t r a b r o mocuprate systems.  Our 

suggest ion t h a t  the f er romagnet i c  coupl ing is weak in 

NiTAC is prompted by the s i ngl e  c r y s t a l  data which 

i n d i c a t e  a lower temperature f o r  c - ax i s  ant ! f e r r omagne t i c  

order i ng above 60% Ni and a lower temperature f o r  a - ax i s  

f e r romagnet i c  order i ng below 60% Ni in the c r y s t a l s .

The second mechanism f o r  i n t r oduc t i on  of  f r u s t r a t i o n  

is a competing an i sot ropy .  As i l l u s t r a t e d  in Figure 2 

there  are two ways in which the spins can a l i gn  in a given 

s u b l a t t i c e  and s t i l l  give a cant i ng angle of  20 degrees.  

They can e i t h e r  a l i gn  near the water  l igands or near the 

c h l o r i de  l i gands.  Since there  are two s u b l a t t i c e s  present  

both spin o r i e n t a t i o n s  are seen in both CoTAC and NiTAC 

but i t  is not possi b l e  to determine which o r i e n t a t i o n  goes 

wi th which s u b l a t t i c e  f or  CoNiTAC. However, a system 

s i m i l a r  to CoNiTAC, the mixed ani sot ropy  system
49

Ni xCou  x ) c ^2?6H2° descr ibed by Takeda and Matsura can 

be used as evidence f o r  a d i f f e r e n t  an i sot ropy  preference
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between cobal t  and n i c k e l .  The pure n i cke l  c h l or i de  and 

cobal t  c h l o r i de  are isomorphic and three dimensional  

ant i f e r r omagnet s  wi th easy axes in the a-c 

c r y s t a l l ographi c pl ane.  The easy axes are 115 degrees 

a p a r t ,  making t h i s  a mixed ani sot ropy system. The metal  

coor di nat i on sphere contains four  water molecules and two 

ch l or i de s  in a t rans c o n f i g u r a t i o n .  The cobal t  easy axis  

is in the plane of  the water  molecules whi l e  the ni ckel  

easy axis is in the metal  c h l o r i de  d i r e c t i o n .  I f  the same 

al ignment  pref erence is assumed f o r  CoNiTAC, a f r u s t r a t i o n  

is thus i nt roduced.

The u n c e r t a i n t i e s  shown in Figure 27 are 

approxi mat e l y  the s i ze  of the data c i r c l e s  so t h a t  the 

ex i st ence of  a t e t r a c r i t i c a I  or t r i c r i t i c a l  poi nt  and the 

shape of  the mul t i c r i t i cal  region cannot yet  be conf i rmed 

using t h i s  phase diagram.  The region in the diagram where 

the TCP might occur is not wel l  def ined but appears to be 

around 60% Ni (x = 0 . 6 ) .

The spin glass region is unusual l y  broad, extending  

from low to high n i cke l  concent r a t i ons .  We f e e l  t h i s  is 

caused by the pseudo-one-dimensional  nature of  the 

c r y s t a l s .  That  i s ,  a smal l er  amount of  n i cke l  or cobal t  

in an otherwise pure sample is necessary to int roduce  

s u f f i c i e n t  f r u s t r a t i o n  along the chains to cause entrance  

i n t o a spin glass as opposed to a s t r i c t l y  three
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dimensional  magnet ic system. This type of  very broad spin 

glass region was also observed by DeFot is and Ma nt us ^  in 

Co ( i _x ) MnxC I £ • 2 ^ 0  which is also a pseudo-one-dimension a I 

system al though wi th consi der ab l y  higher  i n t e r cha i n  

c o u p l i n g .

Model and F i t  of  the TRM

TRM measurements have pr ev i ous l y  been f i t  e m p i r i c a l l y  

to a l ogar i t hmi c  decay^* ’ ^  of  the form

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

in which t  is the t ime and Mq and n are const ant s .  A 

l ogar i t hmi c  dependence is ov i ous l y  not appr opr i a t e  at  

short  t imes and is thus an approximate form of  the decay 

only over some f i n i t e  t ime i n t e r v a l .

Ca l c u l a t i ons  based on the S h e r r i n g t o n - K i r k p a t r i c k  

mean- f i e l d  mode 10 have pred i c t ed an a l ge br a i c  decay of  

the form

1TRM M0Zt I -n (5)

However,  no data have been publ ished suppor t ing t h i s  form 

of  the decay.

Empi r i cal  f i t s  to an exponenta I f unct i on  of  the

form

MTRM = M0e x p [ - C ( w t ) 1"n/ ( 1  - n) ]  ( 6 ) 

have been obt a i ned.  This type of  exponentaI is ca l l ed  a 

st re t ched exponenta I since t *  n in the exponent
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e f f e c t i v e l y  s t re t ches  out the exponenta I curve f or  large

values of  t .  In- t h i s  form the r e l a x a t i o n  f requency,  w,

and the exponenta I f a c t o r ,  C have been made independent  of
54temperature throughout  the spin glass regi on.

Temperature .dependence is found only in Mq and the 

exponent n , The p o t e n t i a l  energy sur face of  a spin glass 

in spin c o n f i gur a t i on  space can be imagined as a very 

complex f u n c t i o n ^  or as a f r a c t a l  s u r f a c e ^  in which 

t her e  are many l ocal  minima and maxima. The conf i gurat ion,  

of a group of  spins t r a v e l s  through t h i s  space u n t i l  i t  

reaches a ground s t a t e  minimum. Grassberger  and 

P r o c a c c i a ^  found the number of  ground s t a t e  conf i gur a t i ons  

to be

Nc = f  ( t ) e x p [ - g ( n ) ' ( w t )  ^- n Z U  - n ) ] ' (7)

which in t urn was r e l a t e d  to the remanent magnet i za t i on,

Mt r m . I f  i t  is assumed t h a t  the f unct i ons  f ( t ) and g ( n )

are const ant s ,  equat ion ( 6 ) and equat ion (7)  have the same

form and provide a l i nk  between t heory and exper iment .

Combining the constants in equat ion ( 6 ) y i e l d s

. mTRM = Mc , e x p [ - ( t / t p ) ! - " ] .  ( 8 )

This form can be p a r t i c u l a r l y  i n s t r u c t i v e  in t h a t  the

r e l a x a t i o n  r a t e ,  1 / t  has been shown by Hoogerbeets et
P

a I . t o vary exponentaI I y  wi th inverse temperat ure .  This 

temperature dependence has also been ca l c u l a t e d  by De
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5 9Dominic i s ,  et  a I . f or  t ime evo l u t i on  of  spin glass s t a t e  

occupancies using mean- f i e l d  appr ox i mat i ons .

The st re t ched exponental  form of  equat ion ( 8 ) was not  

qui t e  s u f f i c i e n t  f o r  the data from the CoNiTAC system.  

However,  by adding a constant  M1 to equat ion ( 8 ) in which 

M1 would represent s the z e r o - f i e l d  magnet i zat i on expected 

in a f e r romagnet i c  system such as CoNiTAC along i t s  a 

a x i s ,  the CoNiTAC data could be f i t  qui t e  w e l l .  The 

e n t i r e  t ime i n t e r v a l  from 10 seconds to 300 seconds was 

f i t .  The magnetometer t ime constant  is too long f or  t imes  

shor t er  than 10 seconds to be f i t ,  and magnet i zat i on  

changes become comparable to the magnetometer noise f or  

t imes longer  than 300 seconds; With t h i s  a d d i t i o n a l  

constant  equat ion ( 8 ) becomes

Mtrm = Moe x p [ - ( t / t p ) 1- n] + M1. (9)

Mq was chosen so t h a t  Mtrm at  t  equals zero was the 

i n i t i a l  magnet i za t i on before the f i e l d  is swi tched o f f .

Even though thermoremanent magnet i za t i on was seen 

along only one c r y s t a l l ographi c  a x i s ,  i t  was s t i l l  

possi bl e  to take advantage of  the improved s e n s i t i v i t y  of  

a l arge powder sample over a smal l  s i ngl e  c r y s t a l  and to 

use powder samples to determine TRM. By using a f i e l d  o f  

50 Oe f o r  the f i e l d  cooled s t a r t i n g  poi nt  of  the TRM 

measurements,  the b and c axi s c on t r i b u t i o ns  to the 

magnet i za t i on can be est i mated and then ignored.  At a l l
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t imes the magnet i za t i on along the b axis was very small  

and below the r e s o l u t i o n  of  the magnetometer.  The c axis  

magnet i zat i on was zero at  a l l  f i e l d s  below 50 Oe as can be 

seen from Figures 7 through 10. The powder magnet i zat ion  

was thus a measure of  the a axis TRM when f i e l d  cool ing in 

50 Oe.

Since the value of  Mq was f i x e d  by the zero t ime value  

of  the magnet i za t i on ,  three  parameters t ^ , n and M1 must 

then be f i t  to the exper i mental  d a t a . The three  parameters 

t p ,  n and M1 were then determined such t h a t  the mean 

square de v i a t i on  between the model and. the exper imental  

data was minimized.  The values of  these parameters are 

l i s t e d  in Table 3 f o r  n i cke l  concentrat ion's of  34,  58 and 

72 percent  and temperatures of  2 . 4  K to 3.2 K.

Also,  from Table 3 i t  is c l e a r  t h a t  t here  is a

temperature dependence to the r e l a x a t i o n  t i me .  Therefore

in an at tempt  to c l a s s i f y  the spin glass region as a

f unc t i on  of  x , we have made a rough f i t  to the model of
5 8r e l a x a t i o n  proposed by Hoogerb e e t s , Lou and Orbach f or  

Ag: Mn. The i r  model .is consi s t ent  wi th an exponent i a l  

d i s t r i b u t i o n  of  independent ,  random f r ee- energy l evel s  

t h a t  are assumed to e x i s t  in the spin glass phase.  In 

t h i s  case the expression f o r  r e l a x a t i o n  is w r i t t e n

1 / t  = A e x p [ - c ( T g/ T ) ] . (10)

A p l o t  of  I n ( I Z t p )  versus TgZT from Tables 2 and 3 does
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not show a s t r a i g h t  l i ne  so t ha t A and c are not constant

over our range of  t emperature , never thel ess there i s a

d e f i n i t e tendency f or f a s t e r  r e l a x a t i o n  as temperature

increases

Table 3. Best f i t s  of the parameters t D, n and M1 to
Equat ion (9) f or  TRM measurements at  the given
temperatures and ni ckel c o n c e n t r a t i on s .

% Ni T(K)
t P

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 0.42 7 127
72 2.6 5.32 0.514 69
72 2. 8 2.51 0.493 41

Our very rough values from these pl ot s  y i e l d  a value

f o r  c = 9 over the e n t i r e  range of  x and values of  
4 - 1A = 2 x 10 sec" near the edges( x = 0.26 and 0 . 72)  and

I x IO5 sec" * f o r  x = 0 . 58 .  These numbers i n d i c a t e  a f a s t
-  3 - 1r e l a x a t i o n  process compared t o e =  2 . 5  and a = 10 sec 

f o r  Ag:Mn. We f i nd  t h a t  t he temperature dependence of  M1 

f o l l ows the behavior  of  I ;  t h a t  i s ,  i t  is l a r ge s t  at  low 

t emperat ures,  almost  di sappear i ng near T . F u r t h e r , f o r
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a given temperature in the SG reg i on,  our numbers show a 

tendency f o r  the ov e r a l l  r e l a x a t i o n  processes to be f a s t e r  

near the "edges" of  the SG region where the systems behave 

more l i k e  the unmixed compounds and slower in the center  

where the mi xture is more complete.

Spin Glass Di mens i ona l i t y

The pseudo-one-dimensional  c h a r a c t e r i z a t i on  of t h i s  

compound r e f e r s  to the f a c t  t h a t  t here  is a st rong  

i n t r a c h a i n  exchange wi th much smal l er  i n t e r c h a i n  exchange,  

the weaker exchange a l l owi ng the system to order  in three  

dimensions.  I t  is i n t e r e s t i n g  to ask whether a p a r t i c u l a r  

d i me n s i o na l i t y  can be associ at ed wi th the spin glass
5 7behavior  in t h i s  compound. Grassberger  and Procaccia 

f i n d  t h a t  a d i me n s i o na l i t y  of  the d i f f u s i v e  space is 

r e l a t e d  to n of  equat ion (9)  by

n = I - d / ( d  + 2 ) .  (11)

Since our values of  n vary from 0 . 4  to 0 . 6 7 ,  the 

corresponding d i me n s i o na l i t y  d var i es  from 3 to I ,  

r e s p e c t i v e l y .  CoNiTAC, as we have a l ready consi dered,  

seems to der i ve  i t s  f r u s t r a t i o n  from the weak three  

dimensional  o r de r i ng .  MnCoTAC and MnNiTAC should be 

expected to der i ve  a f r u s t r a t i o n  from t h e i r  ID 

f e r r o ma g n e t i c - a n t i f e r r o ma g n e t i c  compet i t i on .  That no spin 

glass behavior  is observed in these systems is consi st ent
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wi th a c r i t i c a l  d i me ns i ona l i t y  gr ea t e r  than one f o r  the 

development of  spin glass behavi or .

Phase Diagrams of  MnCoTAC and MnNiTAC

Curie and Neel temperatures obtained f o r  MnCoTAC and 

MnNiTAC from i nverse s u s c e p t i b i l i t y  pl ots are compi led in 

Table 4.  The upper por t i ons of  the phase diagrams f or  the 

mixed MnCoTAC and MnNiTAC are shown in Fi gures 28 and 29.  

As temperature was lowered,  the systems go from the 

paramagnet ic region to. a one dimensional  ant i  f er romagnet i c  

region oh the l e f t  or high manganese sides of  the graphs.  

On the r i g h t  s i de ,  the t r a n s i t i o n  is from paramagnet ic to 

one dimensional  f er romagnet i c  wi th o v e r a l l  three  

dimensional  an t i f e r r oma gne t i c  behavi or .  No mixed phase or 

spin glass phase was seen because of  the low values of  the 

t r a n s i t i o n  t emperat ures.  The t r a n s i t i o n  temperatures of  

Table 4 were e x t r apo l a t e d  from the hi gher  temperature  

data.

These r e s u l t s  are not sur p r i s i ng  since pure MnTAC has 

an an i sot ropy along the chains t ha t  is perpendi cul ar  to 

t h a t  in CoTAC and NiTAC. Also,  MnTAC is a one dimensional  

a n t i f e r r omagnet . Note t ha t  the magnetic d i f f e r e n c e s  are 

along the chain so t ha t  compet i t i on here w i l l  r e f l e c t  one 

dimensional  e f f e c t s  r a t h e r  than the o v e r a l l  weak three  

dimensional  e f f e c t s  in the CoNiTAC system.
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Fi gure 28. Phase diagram of  t e mp e r a t u r e  versus x (mole f r a c t i o n  of  c o b a l t )
f o r  MnCoTAC.
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Fi gure 29. Phase diagram of  t e m p e ra t ur e  versus x (mole f r a c t i o n  of  n i c k e l )
f o r  MnNiTAC.
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Table 4.  Cur ie and, Neel temperatures f o r  MnCoTAC and
MnNiTAC mixtures along wi th t h e i r  corresponding 
metal  percentages.

% Mn % Co % Ni Tc ( K) 8

100 - 4 . I b
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 . 135C
90 ■ 10 - 4 . 2
80 20 - 4 . 2
70 30 + 0.2
40 60 + ! . S d

' 100 + 3 . 6 °

a ) Tr is used here f or e i t h e r  Cur ie ( p o s i t i v e values)
or Neel temperatures ( n e g a t i ve va l ues) .

b ) From r e f . 14.
c ) From r e f . I .
d) From r e f . 9.

2 2As pr ev i ous l y  noted Matsubara et  a I . and Phaf f  et  

a I . ^  did spin resonance work on MnCoTAC and i n f e r r e d  

a lower Mn-Co coupl ing than the Mn-Mn or Co-Co coupl ings.  

That the SMn"S^0 term in the Hami l tonian has a low 

exchange constant  is expected from the competing 

ani sot ropy .

Phase Diagrams f o r  the 7-DA and 5-DA Compounds

From the powder magnetic s u s c e p t i b i l i t y  data the 

phase t r a n s i t i o n s  from paramagnet ic to ant i  f e r romagnet i c .
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from paramagnet ic to f er romagnet i c  and from 

a n t i f e r r oma gne t i c  to mixed phase were. obt a i ned f or  

5-DACuCI ^x Br4 _x j and 7-DACuCI ^ B r 4 ^^_x ^. These values  

are repor t ed in Tables 5 and 6 r e s p e c t i v e l y .  Whi le the 

a n t i f e r r oma gne t i c  to mixed phase t r a n s i t i o n s  were r e a d i l y  

i d e n t i f i e d ,  the fer romagnet i c  to mixed phase t r a n s i t i o n s  

could not be seen in the powder samples due to the l arge  

f e r romagnet i c  moments. The temperature versus composi t ion 

phase diagrams const ructed from these values are shown in 

Figures 30 and 31 r e s p e c t i v e l y .

Table 5.  T r a n s i t i o n  temperatures f or  var ious values of  x 
in 5-DACuCl4xBr4 ( 1 _x) .

X Tp(K) Ta (K)

fbh
ZI-

0.00 12.2
0.12 12.2
0. 24 11.4
0.35
0.47

10.8
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 t h i s  t a b l e Tp, Ta and Tm r e f e r  to paramagnet ic to
fer romagnet i c , paramangnet ic to a n t i f e r r omagnet ic and
a n t i f e r r oma gne t i c  to mixed phase t r a n s i t i o n
t e mper a t ur e s , r e s p e c t i v e l y .



Fi gure 30.  Phase diagram of  temperature versus x f or  5-DACuCl^xB r ^ ^ _ x
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Phase diagram of  t e mp e r a t u r e  versus x f o r  7-DACuCl^^Br^^^F i g u r e  3 1 .
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Table 6 . T r a n s i t i o n  temperatures f o r  var ious values of x 
in 7-DACuCl4x Br4 ( 1 _x ) .

X T f (K) Tfl(K) Tm(K)

0.00 12.2
0.12 11.0
0.24
0.35

10.4
9 . 6 9.0

0.47 9.6 6.2
0.53 9. 4
0.65 8.9
0.76 8. 6
0. 88 8. 4
1.00 8. 3

a) In t h i s  t a b l e  Tp9 T/\ and Tjv] r e f e r  to paramagnet ic to 
f e r r omagnet i c ,  paramangnet ic to an t i f e r r oma gne t i c  and 
a n t i f e r r oma gne t i c  to mixed phase t r a n s i t i o n  
t emperat ures,  r e s p e c t i v e l y .

Both of  these systems show four  phases: paramagnet ic,  

f e r r omagnet i c ,  ant i  f e r romagnet i c  and mixed phases.  The 

upper phase l i nes  have a negat i ve slope and are a measure 

of  the two dimensional  order i ng temperature which 

decreases as c h l o r i de  ions are s ubst i t u t ed  f o r  bromide 

ions in the fer romagnet i c  pl anes.  Because of  the pseudo-  

two dimensional  nature of  these compounds, the minimum in 

the l i n e  of  phase t r a n s i t i o n s  which is pr ed i c t ed  at  the 

t e t r a c r i t i c a I  poi nt  f o r  a t hree  dimensional  system and 

i l l u s t r a t e d  in Fi gure 4 was not seen.

For T-DACuCl4xBr4 ^ x ) at  low t e mper a t ur e s , the 

system is f er romagnet i c  wi th the easy axis perpendi cul ar
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to the two d i mens i ona l , f er romagnet i c  planes f or  x = 0 .

At the fer romagnet i c - mi xed phase boundary, the spins begin 

to cant away from perpendi cu l ar  u n t i l  at  the 

ant i f e r r omagnet i c - mi x ed  phase boundary the spins are 

p a r a l l e l  to the plane and a n t i f e r r o magnet i ca l l y  a l i gned.  

Almost the same condi t i ons apply to S-DACuCl4xBr4 ( ^ x ) 

except  t h a t  f o r  x = 0,  the spins are a l ready  canted.  As x 

i ncreases ,  the poi nt  at  which the cant ing angle s t a r t s  to 

i ncrease i nd i ca t es  ent rance i nt o the mixed phase.

From the phase diagrams the pos i t i on  o f  the possi ble  

t e t r a c r i t i c a I  poi nts can be est i mat ed.  I f  they e x i s t ,  

they would occur at  x = 0 . 43 and I  = 10.2 K f o r  S-DA and 

at  x = 0 . 32 and I  = 9 . 8  K f o r  7-DA; The lower value of  x 

f or  7-DA may be caused by the l a r ge r  amine and t h e r e f o r e  

l a r ge r  separat i on between the planes which may al l ow the 

weak i n t e r p l a n a r  exchange to change more r e a d i l y .

The quest ion of  why spin glass behavior  was not seen 

in the S-DA and 7-DA systems where the f r u s t r a t i o n  occurs 

in the t hree  dimensional  order i ng needs to be addressed.

In these systems,  the ferromagnet ism associ at ed wi th high 

bromide concent ra t i ons  is not a proper ty  i n t r i n s i c  to the 

bromide i t s e l f  since f o r  n = 2,  3,  4,  6 and 8 H-DACuBr4 

has o v e r a l l  t h ree  dimensional  an t ! f e r r oma gne t i c  o r d e r i n g . 

I nstead the three  dimensional  f e r romagnet i c  order i ng f or  

S-DACuBr4 and 7-DACuBr4 must be due to a change,
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probably s t r u c t u r a l ,  in the superexchange path f or  the 

weak i n t e r p l a ne  coupl i ng.  The "pucker ing" of  the planes 

i l l u s t r a t e d  in Figure 22 may then be s l i g h t l y  d i f f e r e n t  

f o r  5-DA and 7-DACuBr^. In t r a v e l i n g  across the phase 

diagram from pure c h l or i de  to pure bromide t h i s  change in 

the superexchange path is s l owl y int roduced at  a l l  s i t es  

and thus the f r u s t r a t i o n  necessary for  a spin glass is not 

devel oped.

Low Dimensional  Mixed Systems: A Comparison

In CoNiTAC, S-DACuCl4x Br4 ^ x J and T-DACuCl4xBr4 ^  _x j 

the competing i n t e r a c t i o n s  are the weak t hree  dimensional  

i n t e r a c t i o n s .  The paramagnet ic to ordered s t a t e  

t r a n s i t i o n  temperatures remain r e l a t i v e l y  const ant .  I t  is 

the one or two di mensi onal ,  f e r romagnet i c  order i ng t hat  

determines the t r a n s i t i o n  t e mper a t ur e , and t h a t  value 

changes only s l i g h t l y  wi th a change in composi t ion f or  

these systems.  This is in cont r as t  to the MnCoTAC and 

MnNiTAC systems in which the competing i n t e r a c t i o n  is the 

st rong one dimensional  i n t e r a c t i o n .  In those cases 

instead of  a r e l a t i v e l y  f l a t  paramagnet ic to ordered s t a t e  

l i n e  in the phase diagrams,  t her e  is deep depression in 

the cent er  of  the diagrams due to a f r u s t r a t i o n  in the 

main,  or one di mensi onal ,  order .

As discussed e a r l i e r ,  the absence of  spin glass  

behavior  in MnCoTAC and MnNiTAC is consi s t ent  wi th a
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c r i t i c a l . d i m e n s i o n a l i t y  g r ea t e r  than one since the 

f r u s t r a t i o n  here occurs in the one dimensional  order i ng.  

For the 5-DA and 7-DA systems,  al though the three  

dimensional  order i ng changes from a nt i f e r r omagnet i c  to 

f e r romagnet i c  as the composi t ion is changed from pure 

c h l o r i d e  to pure bromide f r u s t r a t i o n  is not ne cessar i l y  

i nt roduced.  As discussed above,  smal l  s t r u c t u r a l  changes 

may a l t e r  the exchange un i f orml y  r a t her  than at  fandom 

s i t e s  and then no spin glass behavior  would be seen.  That  

is in cont r as t  to the d i f f e r e n t  i n t e r a c t i o n s  of  cobal t  and 

n i cke l  on random s i t e s  in CoNiTAC which does int roduce  

f r u s t r a t i o n .

One f i n a l  d i f f e r e n c e  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 smal l  an i sot ropy in these 

systems al lows the spins to change o r i e n t a t i o n  at  a 

r e l a t i v e l y  smal l  energy cost .  This in turn al l ows f o r  a 

r e l a t i v e l y  broad mixed phase reg i on.  In CoNiTAC the spin 

ani sot ropy  is l arge enough so t h a t  no gradual  s h i f t  is 

expected.  I f  a mixed region e x i s t s ,  i t  is expected to be 

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

The pseudo-one-dimensional  mixed system, CoNiTAC has 

been found to e x h i b i t  spin glass behavior  below a 

t e mpe r a t u r e , Tg , whi l e  the MnCoTAC, MnNiTAC, 5-DA and 7-DA 

systems do not .  The phase diagram of  temperature versus 

concent ra t i on shows a very broad and deep spin glass  

region wi th unusual l y  t h i n  an t i f e r r oma gne t i c  phase regions  

above i t .  Below Tg thermoremanent magnet i za t i on versus 

t ime has been f i t t e d  to a s t re t ched exponent i a l  funct i on  

wi th a new constant  o f f s e t  term.  In a dd i t i on  both s i ngl e  

c r y s t a l  dc and ac s u s c e p t i b i l i t y  measurements have 

determined the magnet ic behavior  of  the i n d i v i d u a l  

c r y s t a l l ographi c o r i e n t a t i o n s .

The phase diagrams f or  MnCoTAC and MnNiTAC show a 

deep depression of  the paramagnet ic to ordered phase 

c r i t i c a l  l i nes  f o r  values of  x near 0 . 5 .  This is due t o  a 

one dimensional  r a t h e r  than t hree  dimensional  f r u s t r a t i o n  

in the spin or der i ng .

The phase diagrams f or  S-DACuCl4xBr4  ̂  ̂_x  ̂ and 

T-DACuCl4x Br4 ^^_x ) are more s i m i l a r  to the CoNiTAC 

phase diagram wi th r e l a t i v e l y  f l a t  paramagnet ic to 

f e r romagnet i c  or ant i  f e r romagnet i c  c r i t i c a l  l i n e s .  Whi le
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CoNiTAC shows a spin glass phase the 5-DA and 7-DA systems 

show mixed phase regi ons.

Fur t her  exper iments on these systems should be 

under t aken. The MnCoTAQ and MnNiTAC systems should tie 

i n v e s t i ga t e d  at  temperatures below I K in order  to 

determine under what ci rcumstances a spin glass phase 

might e x i s t  and in order  to extend t h i s  work and the work 

of  Chei khrouhou , et  a I . I f  s u f f i c i e n t l y  l arge c r y s t a l s  

become a v a i l a b l e ,  the CoNiTAC system should be 

i n v e s t i ga t e d  very near i t s  t e t r a c r i t i c a  I r eg i on .  Also 

wi th s i ngl e  c r y s t a l s  the phase diagrams f o r  5-DA and 7-DA 

could be improved.  The mixed an i sot ropy 6-DA system, f or  

which i n f or mat i on about the mixed phase could not be 

determined wi th powder samples,  would be another  

i n t e r e s t i n g  candi date to study wi th s i ng l e  c r y s t a l s .
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