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The quasi-one-dimensional compound CuMn(S1C101)1 7.5H10 was synthesized, atid its magnetic
susceptibility +M was measured in the temperature range T=4.2—240 K. The curve +~T vs T
presents a minimum at l30 K and a maximum at =7.5 K where three-dimensional ordering occurs.
Magnetization dat8 at 1.3 and 4.2 K ill thc field langc 0—5 T arc consistent with Rn antlfcrromag-
Iletlc llltcractlotl betwccll Cil(II) R11cl M11(II) throUgh tile dlthloxalato bridge. We plescBt theoretical

calculations for isotropic exchange interactions between quantum spins 2 (Cu +) and classical spins

(Mn +). The susceptibility is calculated numerically. This theoretical model fits the experimental
data well, RBowing the determination of the coupling constant J as —30.3 cm '. The antifer-
romagnetic interaction between Cu(II) and Mn(II) metallic iotis leads to a one dimensio-nal ferrimag
netic behavior, characterized for the first time, both experimentally and theoretically.

I. INTRODUCT1ON

Experimental and theoretical studies devoted to one-
dimensional (1D) magnetic systems remain a very active
area of sohd-statc-physics research. ' Quasi- ID materi-
als with various spin numbers, with both ferromagnetic
(E) or antifcrromagnetic (AF) interactions have been syn-
thesized and studied. (CH1)4NMnCls (TMMC) is one of
the best examples of a 1D Heisenberg antiferromagnct
with S=—', , whereas (CH&)4NCuCls (TMCuC) is a good
model for an S=—,

'
linear ferromagnet. '

Alternating chains of identical spins with different cou-
pling constants Ii and Jz arc known and theorctically
studied, 9 as weil as doped materials of Sz spins in a 1D
system of Ss spins, with the same coupling constant J be-
tween the spins. C. Dupas et al. reported recently on a
quasi-1D chain (CH&)„NMn„Cu& „Cls with x ranging
from 0 to 1.' Until recently, however, no bimetallic
chain of structurally ordered alternating spins S„and Stt
with a uniform J value along the chain, was reported.

Iil thc pi'csciit wo1k, wc studied thc fii'st biiiictallic
chain with two different paramagnetic ions, Cu + and
Mn +, structurally ordered in an alternating manner:
CuMn(SzCz02)z. 7.5 HzO (CuMnDTO). The two ions arc
bridged by a polyatomic bischelating ligand, the dithiox-
alato anion S2C2022 . The crystallographic structure
which has been fully refined is presented in Scc. II."'
We measured the susceptibility at low field, and the mag-
netization of the compound in the field range 0.5 T (Secs.
II and ID).

To the best of our knowledge, no calculation has been
done on a system of alternating spins —,

'
and —', . Only one

paper has appeared on Heisenberg chains with alternating
quantum and classical spins. ' %'e present in Sec. IV a
theoretical model for the magnetic susceptibility in the
whole temperature range, for an alternating system of
quantum spins —,

' (Cu +) and classical spins (Mn +). Thc
problem is solved numerically by the diagonalization of a
6th order symmetric matrix. This numerical method
allows us to find the expected minimum in the XMT
vs T curve' and to give a value for the intrachain
coupling constant J. Wc used an isostructural analog of
CuMnDTO, PdMn(SzCzOz)2 7.5 HzO, to determine the
interchain coupling constant J'.

II. EXPERIMENTAL TECHNIQUES

A. Synthesis and crystal structure

%e synthesized CuMnDTG by mixing concentrated
aqueous solutions of KzCu (SzC202)2 and MnSO&. H20
and slowly cooling down. Small brown IBonocrystals are
obtamed. They are suitable for x-ray analyst. s: The crys-
tal structure has been reported elsewhere. "' The space
group is monoclinic P21/c (C2h) with four formula units
in cells of dimensions a =11.692(2) A, b=20. 665(5) A,
c=7.360 A, and P=[103.84(2)] . The structure is
sketched in Figs. 1 and 2: It consists of chains

. . Cu(SzCzOz)Mn(H20)3(O2C2Sz), criss-crossing
glide planes e and stacking along these planes. Each layer
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of stacked chains is separated from ihe next one by inter-
vening water molecules. Figure 1 shows how two chains
are related within a layer. Copper(II) is in a sulfur
square-planar environment, manganese(II) is heptacoordi-
nated in a pentagonal bipyramidal surrounding. The
copper-manganese distance is about 6 A. Figure 2 exhib-
its the stacking distance between two copper ions belong-
ing to neighboring chains: dc„c„——3.681 A, which is the
nearest distance between two chains in the stack;
dM„M„——5.6 A. The crystals are air stable but sensitive to
loss of water: A dehydrated black variety exists, contain-
ing three water molecules with quite different magnetic
pr'opcrtlcs.

We synthesized PdMn(S2C20q)2 7.5 HzO (PdMnDTO}
in a manner similar to that used for CuMnDTO, using
K2Pd(S2C20z)z instead of K2Cu(S2C202)2. The crystals
obtained are ribbon-shaped, orange, and the compound is
isostructural with CuMnDTO. ' (a = 11.79 A,
b=20. 78 A, c=7.31 A, P=103.5'}

o ~o {}o oo
oo o~ o

FIG. 1. Ball and spoke drying of the structure of
AMn(SqCq02)2 7.5 HqO (2 =Cu, Pd) in projection onto the (001)
plane. Glide planes e and centers of inversion are represented
with conventional crystallographic symbols.

B. Susceptibility measurements

The magnetic susceptlblhty was measured in tlm range
4.2—240 K using a Faraday-type magnetometer equipped
with a continuous-flow cryostat designed by Oxford In-
struments. The tcmpcratur'c 1s glvcn by a gold"
iron/chromel thermocouple. A magnetic field of 0.12 T
was used. Independence of the susceptibility on the mag-
netic field was checked at 240 K. Mercury tetrakis
(thiocyanato) cobaltate (II) was used as a susceptibility
standard. The absolute accuracy in temperature was es-
timated at +0.1 K and the r'elative accuracy on the ap-
parent increase of the weight of the sample with applied
field at about 1%. The correction of diamagnetism was
estimated at 226.5 10 cm mol ' for CuMnDTO. The
compound can lose water molecules by degassing at room
temperature. Thus we begin the experiment at 240 K,
pumping the sample compartment at this ternperatur'e.

Q,~ 0

C. Magnetization measurements

The magnetization of CuMnDTO has been measured as
a function of the magnetic field H, at 1.3 and 4.2 K by
means of a fluxmetric method. The sample was extracted
from a pickup coil of about 40000 turns of thin copper
wires immersed in the helium bath. The induced voltage
was integrated and displayed on a XT recorder. The
fluxmeter was calibrated from the well known magnetiza-
tion of a chromium-potassium-alum sphere. The field
was supplied by a 6 T superconducting magnet calibrated
by Al nuclear magnetic resonance for H & 0. 1 T, and by a
nitrogen-cooled copper solenoid for H &0.15 T. The
cryogcn1c apparatus has bccn described 1n detail 1Il a plc-
vloUs papcl.

FIG. 2. A partial view down the b axis of a layer of stacke«I

A {SgC2G2)Mn(HpG)3(G2C2S2) . - chains, emphasizing the
columnar structure generated by the AS4 fragments. A atoms
{Cu in CuMnDTG and Pd in PdMnDTG) are shown as black el-

hpsoK1s.

A. Susceptibility

The temperature dependence of the molar susceptibility
shown 1n Flg. 3 as the product +~T vs T» cxh1blts

three main features: (i) the existence of a minimum of
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FIG. 3. Experimental temperature dependence of the molar susceptibility of CuMnDTO as PM T vs T. The molecular weight is
the one of the fragment CuMn(S2C202)q 7.5 H2O.

XM T at 130 K, when +M T=3.64 cm mol ' K, (ii) a
sharp increase between 130 and 7.S K, and (iii) after a
maximum at 7.S K, a decrease of I~T down to 4.2 K.

The susceptibility behavior in (i) and (ii) is consistent
with the one of an alternating chain of copper (II) ions,
spin —,, and manganese (II) ions, spin —,, antiferromagneti-
cally coupled through the dithioxalato anion: At high
temperature, g~T tends towards the paramagnetic limit;
the minimum corresponds to a short-range order state
where the copper spins are antiparallel to the manganese
ones, without significant correlation between neighboring
manganese ions; when temperature decreases, the correla-
tion length in the chain increases, leading to a ferrimag
netic short-range order

The decrease between 7.5 and 4.2 K may be assigned to
a three-dimensional ordering (3D), as a consequence of an-
tiferromagnetic coupling between the chains.

Such antiferromagnetic interchain coupling can be
evaluated with the nickel(II) or the palladium(II) com-
pounds AMn(S2C202)2. 7.S H20 [A =Ni(II), Pd(II), di-
amagnetic ions], isostructural of the copper derivative.

The temperature dependence of the molar susceptibility
of the palladium-manganese chain PdMnDTO is given in
Fig. 4 as XM vs T, in the temperature range 4.2—40 K.
The experimental data are consistent with a Curie-Weiss
behavior of manganese(II) ions,

where the Curie constant C=4.39
Curie-Weiss temperature e= —1.8
mean-field approximation to a
manganese(II) ions, with two nearest
interaction between two neighboring
write

e= ——S(S+1),4 J'
K

molcm K and the
K. Applying the

1D system of
neighbors, and a J'
manganese, we can

(2)

B. Magnetization

The experimental data reported in Fig. 5, show three
different features.

(i) A fast initial increase of M(H) for H & 3.10 T, indi-
cating a large value of the susceptibility when H +0. —

where K is the Boltzmann constant and S= —,. A J' value
can be deduced: J'= —0.16 K ( —0.11 cm '). The cou-
pling can occur either between manganese(II) ions belong-
ing to the same chain, or between manganese ions from
neighboring chains (J' interchain). The second hypothesis
is the most likely: The intrachain manganese-manganese
distance is about 12 A, where as the closest interchain
manganese-manganese length is about 5.6 A, with a
hydrogen-bond pathway Mn OHz . H20 . Mn
seen in Fig. 1.

The intrachain interaction between copper(II) and
manganese(II) ions will be estimated in Sec. V, after the
theoretical treatment of Sec. IV.
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FIG. 4. Experimental temperature dependence of the molar susceptibility of PdMnDTO as g~ vs T. The molecular weight is the
one of the fragment PdMn (S2C20q)2 7.5HqO.
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FIG. 5. Experimental magnetization data of CnMnDTO in the 3D ordered phase, at 1.3 (Q) and 4.2 K (k).
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(ii) In the field range 3 X 10 —1 T, a linear increase of
M(H) with a smaller slope.

(iii) A well-defined saturation of M(H) at higher field
values. The saturation magnetization Mq at H =5 T is in
good agreement with

Ms ——gag(S —s),
where g=1.9, p~ is the Bohr magneton, and S and s are
the manganese and copper spins, respectively. It is con-
sistent with the hypothesis of weakly coupled ferrimagnet-
ic chains with opposite directions of the copper and man-
ganese spins. The linear increase of M(H) below the sa-
turation field Hs —1.2 T is related to the progressive alig-
ment of the antiferromagnetically coupled ferrimagnetic
chains along the field. In the molecular-field approxima-
tion,

4z'
f

J'
i
s

S
RPa

where z' is the number of neighboring chains and J' the
interchain exchange. Using g =2 and z'=2, one obtains
from the experimental Hs value, J'/~= —0. 1 K, in satis-
factory agreement with the value deduced from the
PdMnDTO susceptibility ( —0.16 K).

The fast increase of the initial magnetization is likely
due to a canting of the ferrimagnetic moments of the
chains giving rise to weak ferromagnetism (WF). The WF
moment is determined from the intersect of the linear part
of M(H) with H =0 axis. The tilt angle 8 is given by

MwF/Ms .

Its experimental value is 0=6.35. The WF behavior of
CuMnDTO at low temperature has been also observed by
ac susceptibility measurements between 1.3 and 4.2 K.
The ac susceptibility is very large at 4.2 K and decreases
with decreasing temperature. On the other hand, the WF
behavior has not been observed in the Faraday balance-
magnetization measurements in which the sample is slow-
ly cooled down to 4.2 K. The low-temperature magnetic
phase of CuMnDTO might depend on the sample cooling
rate. A similar phenomenon was recently observed on the
1D system N(CzH5)&FeC14. ' Further investigations are
clearly needed to clear up this point.

IV. THEORY

A. Hamiltonian

X-ray structure shows that copper(II) and
manganese(II) ions align in structurally ordered alternat-
ing chains —Cu —Mn —Cu—Mn—;magnetic data
shows that the chains are well insulated magnetically from
each other. Considering that all anisotropic interactions,

I

including the dipolar couplings, are small, we take as
Hamiltonian for the alternating chain:

N N+1 N
A = —J g (S;+S;+i) s; gp—~H g S„+g s„.

i=1 i=1 i=1

s;, the spin of the copper(II) ions, is a quantum spin
s = —,'; S;, the spin of the manganese(II) ions, is a classical
spin and is considered as a classical vector; H is the mag-
netic field, parallel to the z axis; J is the intrachain cou-
pling constant between s and S spins.

It is possible to solve the Hamiltonian in Eq. (6), with
H =0, and to obtain a closed form for the zero-field sus-
ceptibility: For that, we have derived analytically spin
correlations between quantum spins, between classical
spins and between quantum spins and classical ones. '

We prefer to present here another theoretical method,
which is only valid to order S ', but which, we believe
partially takes into account the quantum character of the
S= —, spins. We write

N

P;=S;+S;+|.
A; is an operator, depending upon s;; its two eigenvalues
are

We are interested in the partition function Z and the free
energy F of the system:

Z =Tr exp —P+A;

where P= 1/k T and the trace is calculated by summing
over all the eigenstates of A; and integrating over all the
vectors S;. As S; are classical vectors, all the operators
A; commute, and

(10)

We calculate, first, the trace over the s;, and using (8) we
find

Trexp( —pA;)=2exp gp&H&„cosh[ ,
'—p(J P';+2.gp~JHP'„+g—p~H )'i ]=P(i,i+1),

(s, )

and we have
N

Z=Tr gP(i, i+1), (12)
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where the trace means integration over all the S;. This integration is very difficult to perform and we find easier to con-
sider in (12) all the S; as quantum operators and to calculate the trace over the (2S+1) +' eigenstates in the S,: space.
As eigenstates, we choose all the eigenstates

~
m; ) of the S„,whence

Z= g (m1, . . . , m;, . . . , ming+1 ~

P(1,2} P(i, i+ I) P(X,X+ I )
~

m 1, . . . , m;, . . . , m&+1) .
Im; I

Our calculation of the static properties will then be exact to order S,if we succeed in evaluating (13).

(13)

B. Partition function

Each of the P(i,i+ I ) depends only on two neighboring spins 8; and S;+1 and we may rewrite Eq. (13) as

Z= g . X(m; 1,m; ~P(i —l, i) ~m im )(m, m +1)P(i,i+1) (m;, m;+1)X
Im)

(14)

Unfortunately, nondiagonal matrix elements of the P
operators appear in (14) because these P are not diagonal
in the Imj representation chosen to evaluate the trace.
But, as P(i,i + 1) depends only on S„+S„+1 and

~ S;+S;+1~, matrix elements of P(i,i+ I ) are nonvanish-

ing only if
I

m; +mI+) ——mg+m;+) .

We define a new matrix M by

(m; 1,mi 1 i
M

i mi, mi )

=(m; 1,m; ~P(i —l, i)
~

m 1,m ), (16)

and using (14), we find

Z=Tr(M") .

The matrix M plays the role of a transfer matrix; it is

symmetrical in the permutation of row and column in-
dices and therefore, its eigenvalues are real.

If N~ oo and if M has a greatest eigenvalue A, we have

[Note the order of the eigenstate indices m; 1, m; 1', m;,
m; in the definition (16) of the matrix elements of M and
(19) of the b, functions. ] The possible values of b, are 2S,
2S—1, . . . , 1,0, —1, . . . , —2S. In order to write out the
matrix M explicitly, we first write all matrix elements
with 6=2S, then those with 6=2S—1, and so on, Until

b, = —2S. In this way, the matrix M may be reduced to
the following diagonal form:

C. Matrix clcxncnts

By Eq. (15}we have

~ I —m I
—m.

~
—m. —m =e (19)

~here the diagonal elements are matrices. Mz ts the ma-
trix containing all the matrix elements of M with h=E.
The order of the matrix Mx is 2S+1—

~

X
~

. The matrix
MQ, of order 2S+ 1, has b, =0 and so it contains only the
diagonal matrix elements of the matrices P(i —l,i ). The
operators P(i —l,i) defined by (11) are diagonal in the
representation

~
W, P', ). So, in order to calculate the

matrix elements of M, we may write

&m' m IMlm;+1m+1&=g&m m+11~; ~.;&&~; ~. IP(i 1+»l~; ~.&&~; ~. Im; m;+1& (21)

(P';,W~
~
P(i, i+1)

~
W;,A„)—2exp gpiiH&„cosh —(J P';+2gpiiJHW„+g IJJiH )

2 " 2
(22)

P i =2S. Tllc (mi~, mi+1
~ Pi, &gi ) a1c tllc Clcbscll-

Gordan coefficients which allow the transformation from
the

~
m;, m;+1) to the

~

P';,W„.) eigenstates. One has

~ri

Sri

+uzi+™i—+mi+1

D. ExpaI1810G of clgcnvallMs as P0%vcl scflcs 1Q H

We now show that the expansion in powers of H of the
2S+1 eigenvalues of the matrix Ma contains only even
powers of H The importanc. e of this fact will appear
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(m; ),m; ) ~M ~m, m )=(Mp) (23)

We may first write the rows m and the columns m' in the
order S, S—1. . ., —S. (S=—', .) But we may also write

the rows m and the columns m' in the reverse order
—S,—(S—1), . . . , S. In this second formulation, the
place of (Mo) is taken up by (Mo) ~; so, the
eigenvalues A,o of Mo, which are functions

f(. . .,(Mo), . . .) of all the matrix elements

(Mo), . . . are the same functions of (Mo)

Ao
——f(. . .,(MO);. . . , }

(Mo)~ ~'=(Mo) ~ ~" Now, switch on H. In fhe sub-
stitution m, m'~ —m, —m', we have P,~—P, . Be-
cause the odd powers of H in Eq. (17) are multiplied by
P'„ in the presence of H, we have

[Mo(H)], '=[Mo{—H)]—

and by (24)

Xo(H) =Xo(0)+boH'+ .

(26)

We observe that (27) is not verified by the eigenvalues of
the other M«(X+0) appearing in (20). However, follow-
ing the same lines, we can associate to each eigenvalue A,«
of M~, an eigenvalue A, «of M «such as

=f( . ., (M. o),. . . ) .

Suppose first that H =0. By

(m, m'
~
A, A, ) =(—1) *(2~+1)'/'

m m' —5,

(24)

(25)

A«(H)=A«(0)+a«H+b«H +
A, «(H)=A«(0) a«H+—b«H +.. .

E. Greatest eigenvalue

(28)

m m'

which gives the Clebsch-Gordan coefficients in terms of
Wigner's 3j symbols, we have, using Eqs. (21) and (22),

We show now that the greatest eigenvalue of the matrix
M is one of the eigenvalues of Mo at high temperatures,
such that P ~

J
~

S &&1. We expand (22) as a power series
inP) J /S,

(W,P',
i
P

i
P', P', }=2exp gIj,gHP',—

2

2N
Qc ]1+ g — (J W +2gp~JHP', +g IJaH~)"2n! 2

~i —1~ ~i i ~ zi i ~ zi ~i —j.~i (30)

If the field H is vanishingly small, by (21) all matrix
elements of M«with %&0 are of the order of (PJS) . It
follows for the eigenvalues A,«(0), If&0 that

$«(0) cc (PJS)2, P ~

J
~

S && 1 . (31)

which, if P
~

J
~

S && 1, reduces to

A(0)=(2S+1)[2+—,
' (PJS) ] . (33)

So, if P
~

J
~

S && 1, A(0) cannot be an eigenvalue of M«
with K&0. We may suppose that this property can be ex-
tended to low temperatures: If it is not verified, there
must exist a temperature T„where Kg{0), the greatest
cIgcQvaluc of some IIlatH, x Mg, crosses thc hlgh-
temperature greatest eigenvalue A(0) of Mo and we would
find a phase transition at T, : This is known to be impos-
sibIc 1D a ID systc111.

But it may be shown that when H =0„ the greatest eigen-
value A of M is given by

sinh(PJS) cosh(PJS) 1

{PJS)' (PJS)'

L! a'inA(H)
aH' P aH' (34)

where A(H) is the greatest eigenvalue A${H) of M~, i.e.,
the greatest eigenvalue of Mo. We have computed the ma-
trix elements of Mo, using (22) and we have checked, at
different values of kT/~ J

~
that the relation (27) holds

for small values of gp&H/kT. We have checked, too,
that at all temperatures of interest, Eq. (32) is verified.

This ajIowed us to compute the susceptibihty at dif-
ferent kT/

~

J ~, using relation (34), and the values of A at
gp~H/kT=O and 10 .' The numerical results are
given in Fig. 6 as a plot of X~T(4/Xg ) vs kT/

~

J I.
The reduced X~T value tends towards the paramagnetic
limit (4.75 cm mol 'K) at high kT/~ J ~, presents a
minimum {4.035 cm mol ' K) at kT

~
J

~

=2.98 and
diverges at low kT/~ J ~.

Also shown in Fig. 6 are two curves obtained in the case
of quantum rings of N Cu-Mn pairs, with %=3 (curve 2)
and %=2 (curve 3). The method used is fully described

F. Susceptibility

The susceptibility of the chain, using Eq. (18), is given
by
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FIG. 6. Theoretical dependence of+~T (4/Xg ) vs kT/~J I
for curve 1: a ring of two pairs of alternating quantum spins —, and

z (CI); curve 2: a ring of three pairs of alternating quantum spins 2 and z (Q); curve 3: a chain of 2 quantum spins and alternat-

ing classical ones (6).

elsewhere (Refs. 8, 12, 14, 20, and 21).
exact calculation in zero field of the eigenvalues and cor-
responding total spina of all the eigenstates of the quan-
tum system, from which thermodynamical properties are
derived. Extrapolation to the thermodynamic hmit
(X—+ cc ) was difficult owing to the handling of a 2246th
order matrix in the case where N =4, only. Nevertheless,
it is possible to expect a rapid convergence of the curves as
N~cc (Refs. 14 and 22) and a kT/~ J

~

value at the
minimum not far from 3. (As we could not reach quanti-
tatively the thermodynamic limit, we undertook the
quantum-classical calculation above. ) The main point is
that both approaches reproduce the behavior expected for
XMT of an alternating chain, with a fair agreement be-
tween thc two approaches. Comparison witI1 experiment
is discussed in the next section.

V. DISCUSSION

We purpose to discuss the three following points: the
value of the intrachain interaction, the one-dimensional
character of CuMnDTO, and the divergence of g at low
temperature.

A. Determination Of J intrachain interaction

Thc J coupI1ng 1ntracha1D constant bet%'ccn copper and
manganese ions, through the dithioxalato bridge, and the
mean g factor for the copper-manganese pair, can be de-
duced from the values at the minimum of the experimen-
tal and theoretical curves giving gaf T, by setting them on
the same scale. It becomes J=—43.6 K (30.3 cm ') and

g =1.90. The fit between experimental and theoretical re-
sults, using these values, is shown in Fig. 7. Agreement
between the two curves is surprisingly good. On one hand
the minimum shape is flat and a great uncertainty has to
be expected for the J value. On the other hand, while our
ca1culations Used R IQcaIl 1sot1op1c g value, 1t 1s 11kelp that
thc theoretical curves depend oIl thc gc~ /g M~ rat10
and on anisotropic factors.

The relatively low g value can be explained by such an
uncertainty on the theoretical results, even if a g-value sig-
nificantly lower than 2.0 can be expected in a compound
containing coupled copper-manganese pairs. For
lack of T infinite paramagnetic Hmit, the determination of
g at 240 K gives 1.94.

The J value can appear large for copper and manganese
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0
ions located at 6 A from each other. But o. through-space
exchange pathways are known to be very efficient in
bridges similar to dithioxalato such as oxalato, ' oxarni-
do, - or dithioxamido. ' We discuss the orbital
mechanism of the interaction through the dithioxalato
anion in Ref. 12.

B. One-dimensional character of CuMnDTO

The increase of XMT in a large temperature range
(130—7.5 K) shows qualitatively that CuMnDTO is a
rather good 1D chain (

~

J'
~

interchain &&
~

J
~

intra-
chain).

Two ways are possible to appraise quantitatively the
dimensionality in CuMnDTO.

(i) By determining the ratio of interchain-intrachain en-

ergies

p=J'S /JsS .

We determined the J' interchain coupling constant be-

tween manganese ions in PdMnDTO. If we expect that J'
in CuMnDTQ is the same, or close to, the one in

PdMnDTO, we can derive p=2.6&(10
(ii) By determining the correlation length in the tem-

perature range where the ferrimagnetic short-range order
is operating, and by neglecting, in first approximation, the
copper(II) contribution to the susceptibility, we can esti-

mate the number n( T) of ferromagnetically coupled man-
ganese spins, from the value of the susceptibility per spin
Xo, using the relation (6) in Ref. 10:

Xo n(T)Pg p——+S(S+1)/3 . (36)

At 7.9 K, n=10, i.e., an estimate of 20 copper(II) and
manganese(II) correlated spins. (In TMMC, one of the
best 1D materials, J'/J=10 and n=3X10, just above
the Neel temperature. ) However, a 3D influence on the
susceptibility seems already detectable at higher tempera-
tures as can be seen in Fig. 8 and below.

(37)

Our experimental susceptibility results are shown in Fig.
8(a) as plots of logXM vs logT. The slope a of the curve
first increases in absolute value, seems constant, with
u = 1.57, from 55—9 K and then decreases, when the
1D~3D crossover influence becomes evident. A great
care is needed for the interpretation of the linear part of

C. Susceptibility divergence at low temperature

As the 1D character of CuMnDTO seems significant, it
is of interest to study if the low-temperature behavior of
the ferrimagnetic chain can be tested with the preceding
theoretical calculations for 1D ferromagnets as far the
divergence of XM at low temperature is concerned:
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FIG. 8. (a) Experimental low-temperature behavior of the susceptibility of CuMnDTO as a plot of Napierian in+~ vs lnT. The
straight line is a guide for the eye, corresponding to a slope

~

a
~

=1.57. (b) Theoretical low-temperature behavior of g~ as a plot of
Napierian ln(+M4

~

J
~
/%kg ) vs ln(kT/~J

~

). Curve 1: quantum ring with %=2(CI); curve 2: quantum ring with %=3(Q); curve
3: quantum-classical chain (6). The straight lines drawn are guides for the eye, corresponding to slopes

~

a
~

=1.15, 1.33, and 1.69,
respectively.
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the curve: It can correspond to the low-temperature
behavior of the ferrimagnetic chain and in this case
o.= 1.57 has to be compared with the preceding calculated
values for 10 I' chains, by Fisher from the Heisenberg
model of infinite spin (a=2), by Bonner and Fisher
from a quantum —, spins chain (a = 1.8), by Baker et al.
with the expansion method (a=1.67), or by Blote on
quantum —,

'
spins chain (a=1.5); it can correspond also

to a compromise between the 10 ferrimagnetic behavior,
and the 3D influence becoming operative around 27 K
[see Fig. 8(a)]. We report 1n Fig. 8(b), the theoretical re-
sults described in Scc. V. Thc rIlaximum slope obtained in
the linear part of the curve obtained with the quantum-
classical model is a = 1.69.

The values obtained with the quantum-rings approach,
shown in Fig. 8(b) are of less interest: The maximum
slope a is 1.33 for the N =3 copper-manganese-pairs case
since the low-temperature range is dominated by the

8=2K [Eq. (6)j spin state of the ring as kT/
~

J
~

tends to
zcl o.

D. Conclusion

The quasi-one-dimensional compounds CuMn
(S2CzOz)z. 7.5HzO, CuMnDTO was synthesized, its crys-
tal structure refined, and its one-dimensional ferrimagnet-
ic behavior characterized, both experimentally (by suscep-
tibility and magnetization measurements), and theoretical-
ly. A J/tt intrachain value equal to —43.6 K ( —30.3
cm ') was determined. Synthetic endeavors on similar
systems and studies of dynamic properties are currently
underway.
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