
butadiene or the Claisen rearrangement 
readily come to mind in this context. 
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Design of a Random Quantum Spin Chain chain, which has been solved exactly (6). 
However, when the quantum mechanical na- 

Paramagnet: Sr3C~Pto.51ro.506 ture of the spin is taken into account, and S = 
'/z is the case where quantum effects are most 

Tu N. Nguyen, Patrick A. Lee, Hans-Conrad zur Loye* important, the nature of the ground state and 
its low-lvine excitations is not at all obvious. 

A new class of magnetic behavior, random quantum spin chain paramagnetism, has been 
observed in the one-dimensional compound Sr3CuPt, -,lr,O,. A random quantum spin 
chain system has S = 1/2 spins coupled by Heisenberg exchange interactions that are 
randomly ferromagnetic or antiferromagnetic between neighbors along the chain. This 
condition was fulfilled by members of the solid solution Sr3CuPt, -,lrxO, (x = 0,0.25,0.50, 
0.75, and I), whose end-members, Sr3CuPt0, and Sr3Culr0,, are antiferromagnetic and 
ferromagnetic, respectively. Magnetic susceptibility data for the solid solution Sr3Cu- 
Pt, -,lr,O, (x = 0,0.25,0.50,0.75, and 1) were collected and were found to be in excellent 
agreement with a theoretical model. 

, - 
The random S = '/z chain with purely anti- 
ferromagnetic but random exchange has been 
studied, both experimentally (5) and theoret- 
ically (7, 8). We have found, however, that 
the existence of exchange interactions of both 
signs changes the nature of the states qualita- 
tively. A recent renormalization group analy- 
sis (9) shows that the case with both signs of 
exchange belongs to a new universality class, - 
so that the low-temperature behavior is ex- 
pected to be quite different. Here, we report 
on a new class of 1D compounds, random 

Low-dimensional materials, both one- and quinolinium tetrathiafulvalene (5). quantum spin chains, that consist of S = '/z 
two-dimensional (ID and 2D), have long Random 2D and 3D spin systems have spins coupled by Heisenberg exchange inter- 
been of interest to chemists and physicists been studied extensively. At low tempera- actions that are randomly ferromagnetic or 
because of their distinctive electronic and tures, they generally form spin glasses, in antiferromagnetic. 
magnetic properties. The strong directional- which the spins freeze into an infinite variety We synthesized and characterized a 1D 
ity of low-dimensional structures can pro- of ground states because of the frustration system that exhibits random quantum spin 
duce highly anisotropic physical properties generated by the random exchange. In a 1D chain paramagnetism, a magnetic phenom- 
because interactions between electrons, such spin chain, however, frustration does not oc- enon that can occur in 1D chains that 
as magnetic coupling, can depend strongly cur. The ground state is unique: Each spin can exhibit random ferromagnetic and antifer- 
on the crystallographic directions along point in a direction such that the exchange romagnetic coupling within the chains. The 
which they occur. A wide variety of inter- energy with both its neighbors, whatever its theory developed by Furusaki et al. (JO), 
esting phenomena have been observed in sign, is minimized. This picture describes cor- which explains the magnetic data of such 
low-dimensional solids. Some examples are rectly the ground state of the random classical 1D materials, prompted us to attempt this 
the appearance of the Haldane gap in spin chain, and its entropy at finite tempera- synthesis. We had been investigating a se- 
Heisenberg chains with integer spins (I), the tures is the same as that of a ferromagnetic ries of 1D oxides, Sr3MM106 (Figs. 1 and 
observation of the spin-Peierl's transition in 
linear Cu2+ chains in the inorganic com- 
pound CuGeO, (2) and in the organic bis- A 6 Fig. 1. Structure of 

(dithiolene)-copper-tetrathiafulvalene corn- Sr,NiPtO,. (A) One chain 
showing alternating oc- 

plex (3), the existence of 1D antiferromag- tahedra and trigonal 
netic ordering in tetramethyl ammonium prisms; (B) structure 
manganese chloride (TMMC) (4) and in viewed down the c axis. 
dichloro-bis(pyridine) copper(I1) (CPC) (4), Face-sharing MO, trigo- 
and the observation of 1D random antifer- nal prisms alternate with 
romagnetic exchange in the S = '/z salt M'O, octahedra (M = 

Co, Ni, Zn; M' = Pt, Ir). 
T. N. Nguyen and H.-C. zur Loye, Department of Chem- These chains are sepa- 
istry, Massachusetts Institute of Technology, Cambridge, rated bv the Sr cations, . . 
MA 021 39, USA. 
P. A. Lee, Department of Physics, Massachusetts Insti- 
tute of Technoloav. Cambridae. MA 021 39. USA. -, . - .  
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2) ,  where M = C o ,  Ni ,  C u ,  or Zn and M '  = 
Pt or Ir (1 1 .  12) .  T h e  structure of these 1D 
oxldes corisists of infinite chains of alter- 
nating face-sharing hlO1, octahedra and 
MO, trigonal prisms. T h e  rnernhers of this 
family of oxides exhibit a range of lnagnetlc 
properties, including 1D antiferromag- 
netism. ferroma~netism, and a combination 

'7 

of ferromagnetic coupling ~v i th in  the chairis 
and antiferromagnetic coupling hetween 
the chains. In  particular, we have estab- 
lished that the compositions ST,CLIP~O, 
(13) and Sr,CuIrO, (14) (Fig. 2) coristitute 
a 1D Heisenberg antiferromagnet ( 1 1 ) and 
a ferrolnagrie~ (1 2 ) ,  respectively. W e  rea- 
soned that a solid solution between these 
two c o m p o ~ ~ n d s  could lead to a system that 
sirn~~ltaneousl\; exhibited 1D ferromagnetic " 

and antiferromagnetic coupling along the  
chains and, therefore, could exemplify a 
random quantum spin chain paramagnet. 

One  of the most striking predictions of the 
theory is that the s p ~ n  s~sceptihility, X, s h o ~ l d  
cross over from the usual high-temperature 
Curie behavior to a novel low-temverature 
Curie law, with a Curie constant that depends 
on P, the probability of finding a ferromag- 
netic exchange between any two neighboring 
spins. The  limits, P = 0 and P = 1, corre- 
spond to the unlform Heisenherg antiferro- 
magnet and ferromagnet, respectively. T h e  
theoretical predictioll for the magrietlc sus- 
ceptlbllity 1s shown in Fig. 3. In particular, for 
P -- 0.5, the susceptibility looks almost like 
that of free spins donm to the lowest temper- 
atures, even though exchange iriteractiolls 
lead to an  ordering of the spin degree of 
freedom. This can he understood most easilv 
In the case of classical spins with spin value 
5,. As the thermal energy ic,T (m-here itB is 
Bo1t:mann's constant and T 1s temperature) 
falls below the local exchange energy, the " ", 

spills hegin to develop short-range order, \vltl~ 
neighboring spills that are parallel or antipa- 
rallel, depending on the sign of the exchange 
interaction. These spins are locked togetlier, 
for~nl~ig  spin clusters of sue ((T), which 
equals the temperature-dependent correlation 
length of the purely ferromagnetic prohlem 

Fig. 2. The structure of 
Sr,CuMO, (M == Pi, Irj. In whch 
the Cu cations are located in the 
faces rather than in the centers 
of the tr~gonal prlsms, IS a dis- 
torted version of the structure 
shown In Fig. 1. A ball-and-stick 
representailon of a segment of a 
single chain of t hs  S~,CUP~O,~ 
structure IS shown, w ~ t h  the Cu 
cat~ons (I~ght gray spheres) lo- 
cated in the faces of the trigonal 

(6) .  Vile can think of these clusters as formlrig 
a large effectlve spin, Sefi. For P = 0.5, Scff 
consists of ( (T)  individual splris of ralldoln 
orientation, and the typical size of SCii 1s ~m S,. T h e  susceptlhility per site attrib- 
utable to these effective spins is given by 

where (J, is the magnetic moment. Note  that 
the temperature-dependent length [ (T)  has 
canceled out in the  expression, and the 
result is the  same as that for free svins. 

Detalled analyses have shown that thls 
argument works ex-en in the cluantum case 
with spin S (9) .  For P = 0.5, there is a 
crossover from the high-temperature Curie 
behavior x = [ ,L~S(S + 1 ) ] / 3 / ~ ~ T  to a low- 
temperature value x = I~ 'S2/3kBT.  As is 
well known, the S(S + 1 )  term 1s a conse- 
quence of the quantum nature of the  spln 
operator. Essentially, tlie effective spin 
takes o n  a large value a t  low temperatures 
and reaches the  classical limit \>here En 1 
applies. This is the main difference between 
our system and the  purely antiferromagnetic 
random S = 'h model, where the  ground 
state remallis uuantum and is ~~nders tood  as 
a random collection of spin singlets (8). 

T o  create a system containing hot11 fer- 
romagnetic and antiferromag~letic ex- 
change interactions, we decided to prepare 
a s o l d  solution between the  isostr~~ctural 
Sr,CuPtO, and Sr,CuIrO, that would, in a 
controlled fashion, result in c o m ~ o u n d s  
with a range of average exchange values. 
T h e  solid solution Sr3CuPtl-,Ir,O, repre- 
sents a good model compound for r a~ ldom 
spin paramagnetism because it has a total 
spin between S = 'h and S = 1,  making it 
a n  appropriate example of the type of quan- 
tum system explained hy the theory of Fu- 
rusaki et al. 

T h e  solid solutlon Sr3CuPt l~ , I r ,06  (0  5 

x 5 1)  ~vas  prepared hy so lds ta t e  synthesis 
(1 5)  arid was characterced both str~~cturally 
(16) and magnetically (17). Powder x-ray 
diffraction studies of this solid solution re- 
vealed, as expected, diffraction patterns 
identical to those of the two end members. 
In  the Sr,CuMO, ( X I  = Pt,  Ir) stnlcture, 
which 1s a distorted version of the 
Sr3NiPt0, structure, the CLI cations are lo- 
cated in the faces rather tlian in the centers 
of the trlgorial prisms (Fig. 2).  T h e  Inverse 
s~~sceptibility hehavior of the solid solution 
S r 3 C ~ ~ P t l - , I r , 0 6  (Fig. 4) agrees very ~vel l  
wit11 the theory of Furusaki et nl. (Fig. 3 ) .  
T h e  susceptibility of the end member 
Sr,CuPtO, is well fitted by the Bonner- 
Fisher expression (18) for the antiferromag- 
netlc Heisenberg chain, which ylelds an  ex- 
change coupling J/k, = 26.1 K (1 1 ) .  T h e  
suhstltution of Is into the uniformly antifer- 
romagnetic compound Sr3C~lPtO6 i n t r o d ~ c -  

into the chains. T h e  Ir i ins  carry spins S = 

'k ,  \vhich are c o u ~ l e d  ferro~nagneticallv to 
the neigl~bonrig C;I spins (1 9).  For examile,  
Sr,CuPt, ijIrC,2j06, which coritalns only a 
small amount of Ir, contains small ferrornag- 
netic islands separated hy aritlferrornagrietic 
interactions, whereas Sr,CuPt, 2,1rC,Tj06, 
\vl11ch contains a greater amount of Ir, cori- 
tairis large ferromagnetic islands separated 
by antiferromagnetic interactions. T h e  mag- 
netic hehavior of this svstem follolvs a svs- 
tematic trend as a function of the Pt/Ir ratio, 
which makes it vosslhle to control accurate- 
ly the high-temperature Weiss constant 0 
from an  antiferromagnetic value of 0 = 

-46.6 K (Sr,CuPtO,) to a ferromagnetic 
value of 0 = +36.2 K ( S S ~ C L I I ~ O , ) .  

T h e  system of greatest interest, however, 
is Sr3CuPt, jIr, ,O,, which contains ran- 
domly distributed Pt and Ir sites having 
random but equal ferromagnetic and anti- 
ferromagnetic ~nteractioris. T h e  inverse sus- 

Fig. 3. Theoretcal Inverse susceptbility for P (orxj 
= 0, 0.25, 0 5, 0.75. and 1 for the quantum spn 
cha~n. as pred~cted by Furusaki or a/. (70). The 
limits, P = 0 and P = 1, correspond to the un~form 
Heisenberg ant~ferromagnet and ferromagnet, re- 
spectlvey As P is increased from 0 to 1 ,  a ferro- 
magnetic component is Introduced into the unl- 
formly ant~ferromagnetc chain. The random quan- 
tum spln chan paramagnet IS created for P = 0.5. 

Fig. 4. Inverse susceptblities for several compo- 
sitions in the Sr,CuPt,~,Ir,O, solid solution, 
showng the well-behaved trend of the Weiss con- 
stant as a funct~on of the Pt!r ratlo. Substituton of 
Ir for Pt enables the controllable ntroduction of 
ferromagnetic lnteract~ons Into the uniformly anti- 
ferromagnetc cha~n. The random quantum spn 
cha~n paramagnet is formed for x = 0.5. 
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ceptibility of Sr3CuPt,,,Ir,,,0, follo~vs the 
predicted behavior of a random quantum 
spin chain (Figs. 3 and 4) .  A t  high temper- 
atures, the susceptibility has a llnear x ver- 
sus 1/T dependence and is Curie-like. In 
this regime, a h e r e  there is n o  ordering 
among unpaired electrons, the spins act 
independently. A fit of the high-tempera- 
ture data gave a Weiss constant of 0 = 

-12.7 K and a spill-only moment of (J, = 

2.11 Bohr magnetons. This moment is in 
excellent agreement with that expected for 
a sample containing, o n  average, one S = '/: 
C u  ion and o17e-half S = lh Ir ion, a h i c h  
should yield an  effective moment of (J, = 

2.12. A t  lon.er temperatures, there is a t ram 
sition to a regime where spin-spin interac- 
tions become important, as ~ndlcated by the 
broad curve in the inverse susceptibility. 
This transition marks the  alignment of 
spins to form islands of effective spins, as 
discussed above. Comparison of Figs. 3 and 
4 shows that theory and experiment are in 
good agreement. 
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Th-Pb and U-Pb Dating of Ore-Stage Calcite 
and Paleozoic Fluid Flow 

Joyce C. Brannon," Susan C. Cole, Frank A. Podosek, 
Virginia M. Ragan, Raymond M. Coveney Jr., 

Malcolm W. Wallace, Alison J. Bradley? 

Thorium-232-lead-208 and uranium-238-lead-206 radiometric ages for ore-stage calcite 
show that Mississippi Valley-type (MVT) ore deposits can form in distinct tectonic set- 
tings. An age of 251 t 11 million years for the Jumbo Mine in Kansas, United States, is 
in agreement with other ages for MVT deposits in the midcontinent of North America. The 
similarity of ages of these deposits supports the concept that they formed in response 
to fluid flow during the late Paleozoic Alleghenian-Ouachita orogeny. An age of 351 2 15 
million years for Twelve Mile Bore and Bloodwood-Kapok deposits in Australia indicates 
that these MVT ores were deposited in a rifting environment. 

Analyses  of minerals precipitated from or 
reacted with fluids provide a key means to 
determine the  composition of the parental 
fluid and the tlmirig of its flow. T h e  min- 
erals that most commonly precipitate in 
postdepositional sedimentary rocks are car- 
bonates, sulfides, sulfates, silicates, arid flu- 
orite. These are also the major components 
of h tVT ore deposits, a h i c h  are economi- 
cally important base-metal deposits gener- 
ally believed to form from warm basinal 
brines that are not  directlv associated with 
igneous activity (1 ). 

Radio~netrlc datino of MVT minerals has - 
been difficult because of low abundarices of 
the natural radioactive lsotoues usef~ll for iso- 
topic geochronology. Recently, sphalerite and 
fluorite in MVT ore deposits have been dat- 
ed successfully by the Rb-Sr and Sm-Nd 
techniques, respectively (2-7). 23sU-2c6Pb 
has been used to date late-stage gangue cal- 
cite (8) arid early diagenetic calcite (9) .  Here 
\!re revort '3QU-?""Pb arid '3'Th.""b data 
that yield dlrect ages for ore-stage calcite. 

The  ability to date an  additional ore-stage 
mineral (that is, calcite) provides the means 
to date many diverse deposits and is especial- 
ly important for the chronology of h1VT ore 
depositioli for which Sangster has noted, 
"Evaluation of current and f ~ ~ t u r e  genetic 
models for XIVT deposits depends first and 
foremost o n  reliable determinations of the 
absolute age of ore emplacement'' (10). 

Ore-stage calcite is generally less colnlnori 
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