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Specific heat, magnetic susceptibility, and magnetization measurements were performed in polycrystalline
samples of the copper complex of the amino acidL-aspartic acid@called Cu~L-asp!#. The specific heat was
measured between 3 and 45 K, while dc and ac susceptibilities were measured between 1.8 and 300 K. The
magnetization data were obtained as a function of an applied field up to 9 T, at various fixed temperatures
between 2 and 10 K. The specific heat and magnetic susceptibility curves show peaks at 3.95 K and 6.9 K,
respectively, and approach zero at lower and higher temperatures. This behavior cannot be accounted for by
considering only the superexchange paths provided by thes skeleton of aspartic acid. If this were the case, a
uniform J0 along the asp-Cu-asp-Cu-asp chains would be expected. The data were well fitted, proposing for
Cu~L-asp! a behavior characteristic of an alternating linear chain antiferromagnet. EachS5

1
2 copper ion is

coupled with an isotropic exchange interactionJ0 /k5(25.360.1) K with one copper neighbor in the chain,
and aJ0 /k5(21.560.1) K with the other@a5(0.2960.02)#. The averageg value is g52.16560.002.
Considering the alternating chain model, the susceptibility and magnetization data suggest also the presence of
an additional interchain ferromagnetic coupling, which~within a mean-field approximation! leads toJ8/k
5(0.760.1) K. Other exchange paths are proposed to explain the data. An important finding is that hydrogen
bonds may support relatively large values ofJ. @S0163-1829~99!11925-8#
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I. INTRODUCTION

Considerable efforts have been made in order to achie
better understanding of quantum Heisenberg spin chains
layers. The classical papers,1–3 dealing mainly with the
eigenstates of linear chains, were rewarded by the disco
of real compounds showing this low-dimensional magne
behavior.4,5 Detailed calculations of the thermodynam
properties of spin chains were reported by Bonner a
Fisher6 ~BF! who extrapolated to infinite chains results o
tained for finite chains of spinsS5 1

2 . Since then there ha
been a continuously growing set of experimental informat
about inorganic and organic compounds showing one-
two-dimensional magnetic behavior. This and the discov
of the high-Tc superconducting materials showing 2D ma
netic ordering have given a renewed impulse to theoret
studies of low-dimensional spin arrays. This line of resea
has been reviewed by several authors.3,7–9

Alternating spin chains, in which each spin has differe
exchange couplings with its neighbors to the right and to
left, have been investigated theoretically10,11 and
experimentally.12–17 Most of these studies have dealt wi
cases in which all interactions are antiferromagnetic,
though cases with alternating antiferromagnetic and fe
magnetic interactions have been analyzed recently.18,19 The
PRB 600163-1829/99/60~2!/1197~7!/$15.00
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study of alternating chains was stimulated by the discov
of S5 1

2 compounds having uniform spin chains, which a
certain temperatureTsp display the so-called spin-Peier
transition, below which a temperature-dependent dimer
tion of the chain sets in.20,21

Recently, some of us reported the crystal structu
magnetic susceptibility, and electron parama
netic resonance~EPR! measurements for the coppe
complex of L-aspartic acid,22 Cu~L-aspartato!(H2O)2 ,
@Cu(CO2NH2CHCH2CO2)(H2O)2# @hereafter called Cu~L-
asp!#. Susceptibility data were obtained in polycrystallin
samples above 5 K. EPR measurements were performe
oriented single crystals at room temperature. The magn
susceptibility@x(T)# versus temperature@T# data22 displayed
a broad maximum at 7 K, decreasing toward lower a
higher temperatures. This is the qualitative behavior
pected for a 1D spin chain, and the temperature of the m
mum is an indication of the development of short-range m
netic order of the spins in the chain. These experimen
results were compared to the predictions of BF~Ref. 6! for
uniform antiferromagnetic chains with nearest-neighbor
change interactions. That model reproduced the genera
pects of the shape of the observed susceptibilityx(T) curve,
but failed to agree with the magnitude and shape of the d
around the maximum and at lowT. To account for these
1197 ©1999 The American Physical Society
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1198 PRB 60RAFAEL CALVO et al.
discrepancies we proposed22 an additional interchain interac
tion J8 and, using the mean-field approximation of Hatfie
et al.,23 we obtainedJ0 /k525.3 K andJ8/k52.2 K. This
value for the ferromagnetic interchain interactionJ8 was not
much smaller than the intrachain antiferromagnetic inter
tion J0 and raises doubts about the applicability of such
approximation. This result indicated that magnetic measu
ments performed at lower temperatures were needed in o
to make progress in the understanding of the magnetic
havior of Cu~L-asp!. A very intriguing result22 was the ob-
servation of a relatively large magnitude for the super
change couplingJ0, in a lattice where the superexchan
paths connecting the copper ions were assumed to be a
ciated with the longs bonds involving five diamagnetic at
oms provided by the skeleton of the aspartic acid molec
and by some hydrogen bonds.

In this paper we report more detailed magnetic data
Cu~L-asp!. Specific heat@c(T)# measurements have bee
performed in the temperature range 3,T,45 K, where the
magnetic contribution is the largest. Magnetic susceptibi
and magnetization data have also been obtained. The spe
heat vsT curve displays a peak valuecmax/R much higher
than that expected for a uniform chain. The susceptibi
data display a peak at about 6.9 K and show thatx(T)→0 at
low temperatures. This last result is not expected for unifo
Heisenberg spin chains,6,24 and was not detected in previou
measurements22 performed at higherT. Moreover, the shape
of the observed temperature dependence of the magnetic
ceptibility does not agree with that predicted for unifor
chains.

We show here that the specific heat and magnetic data
Cu~L-asp! may be explained as corresponding to a spin ch
with alternating exchange interactions. Magnetization dat
high fields proved to be very useful to clarify this behavio
We have also analyzed the data in terms of exchange an
ropy @since according BF~Ref. 6! this may also explain the
experimental results#, without success. No evidence of stru
tural changes below room temperature or of a spin-Pei
transition was found in this system. Our results are discus
and explained in terms of the structure of Cu~L-asp! ~Ref. 22!
and the bonds connecting the copper ions which prov
paths for superexchange interactions.

II. EXPERIMENTAL RESULTS AND QUALITATIVE
DISCUSSION OF THE DATA

Copper~L-aspartato! dihydrate was prepared as report
before.22 The specific heat data were obtained with an ad
batic calorimeter in the temperature range 3,T,45 K in
polycrystalline samples prepared as explained by Siqu
et al.25 The vibrational contribution, proportional toT3, was
corrected . Thus, the magnetic contribution to the spec
heat c(T)/R is plotted as a function ofT in Fig. 1. Their
behavior resembles that expected for a linear chain of sp
with a maximum value at 3.95 K. However, the maximu
value observed for the specific heat iscmax/R50.473
60.004, much larger than the valuecmax/R50.35 corre-
sponding to a uniform Heisenberg spin chain.4,6

A Quantum Design MPMS-2 superconducting quant
interference device~SQUID! magnetometer and PPMS a
susceptometer were used to obtain the susceptibility
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magnetization data. The dc magnetic susceptibilityx(T) of
Cu~L-asp! was measured in an applied field ofB50.1 T in
the temperature range 1.8,T,300 K. The results for 1.8
,T,20 K are shown in Fig. 2, after being corrected for t
diamagnetic-temperature-independent contribution, wh
was done using standard tabulated values.26 We did not con-
sider the~very small! temperature-independent paramagn
ism. The ac magnetic susceptibility of the same sample
also measured from 2 to 100 K with results coincident w
those given in Fig. 2 within the accuracy of the experimen
data. A Curie-Weiss plot of the inverse susceptibility data
the high-temperature range~inset of Fig. 3! displays the be-

FIG. 1. Magnetic contribution to the molar specific heat as
function of T for Cu~L-asp! @plotted as c(T)/R; here R5Nk
58.3145 J/(mole K)#. The solid line gives the best global fit to th
data obtained with the alternating Heisenberg spin chain mo
including interchain coupling. The dotted line correspond to
prediction of the BF model~Ref. 6! for a uniform spin chain, and is
included for comparison.

FIG. 2. Molar dc magnetic susceptibility data of Cu~L-asp!,
measured at 0.1 T in the temperature range between 1.8 and 4
Data points are corrected for the diamagnetic contribution. T
solid line gives the best global fit to the data obtained with
alternating Heisenberg spin chain model, including interchain c
pling. The dashed line is obtained as explained in the text, igno
the interchain interactionsJ8. The dotted line corresponds to th
prediction of the BF model~Ref. 6! for a uniform spin chain, and it
is included for comparison. The inset shows a Curie-Weiss plo
the susceptibility data. The solid line gives the best fit of the data
the Curie-Weiss law, with the values ofC and u included in the
figure.
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haviorx21(T)5(T2u)/C with C50.4434(4)~emu K!/mol
and a Weiss constantu525.12 K. This value ofC leads to
an averageg factor, ofg52.175 for the copper ions, in goo
agreement with the average valueg52.169 obtained from
single-crystal EPR data.22 Like the specific heat, the exper
mental susceptibility curve of Fig. 2 displays features rese
bling those corresponding to uniform chains. However,
explain the observed magnitude of the maximumx(T) with
a uniform spin chain model requires either an unphys
value of theg factor for Cu~II ! or, as shown previously,22

large interchain couplings. Moreover, the susceptibility d
approach zero asT→0, a result not expected for linear un
form chains with isotropic exchange.6 This was not observed
in Ref. 22 as the data were obtained above 5 K. In orde
obtain additional insight into this system we performed m
netization measurements as a function of field in the ra
between 0 and 9 T, at fixed temperatures 2, 5, 7, and 10
These results are displayed in Fig. 3.

III. CRYSTAL STRUCTURE OF Cu „L-asp… AND POSSIBLE
SUPEREXCHANGE PATHWAYS

The crystal structure of Cu~L-asp! at room temperature is
monoclinic, space groupC2, a59.504 Å, b510.038 Å,
c57.555 Å, andb594.01, with four molecules per un
cell (Z54).22 In this group, the three symmetry-related a
oms are obtained from the first at (x,y,z) by the symmetry

operations (2x,y,2z), ( 1
2 1x, 1

2 1y,z), and (12 2x, 1
2 1y,

2z). The molecular structure around the copper ion
square pyramidal, having an amino nitrogen and a carbo
late oxygen from the glycine ring of the amino acid, an ox
gen from the other carboxylate group, and a water molec
~W1!, as equatorial ligands. Another water molecule~W2! is
at the apex of the pyramid@see Fig. 4~a!#. Aspartic acid,
HO2C(CH2)CHNH2CO2H ~together with glutamic acid!, is
peculiar among amino acids. It has two carboxylate grou
one in the amino acid group at one end and the other at
end of the side chain. In Cu~L-asp! the aspartic acid molecul
binds one Cu~II ! ion through the carboxylate oxygen and t
amino nitrogen of the glycine ring, and to another copp

FIG. 3. Molar magnetization data for Cu~L-asp! as a function of
applied magnetic field for different temperatures. The solid l
gives the best global fit to the data obtained with the alterna
Heisenberg spin chain model, including interchain coupling.
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through one of the oxygens of the other carboxylate gro
Thus, it displays polymeric chains asp-Cu-asp-Cu-asp-
asp along thec axis. Figure 4~a! displays one of these chain
and illustrates how the amino acid molecules connect
copper ions. Within each chain, every copper atom a
L-aspartic molecule are obtained by simple lattice trans
tions alongc. The superexchange pathways within the cha
are provided by thes skeleton of the amino acid which
involves five diamagnetic atoms. The Cu-Cu distance in t
chain is 7.55 Å , and the superexchange path has a to
length of 9.75 Å . The magnitude of the exchange interacti
arising from this path will be calledJs . Figure 4~b! displays
a projection of the structure along the direction of the cha
parallel to thec axis. As shown in this figure, one centr

g

FIG. 4. ~a! Chain of copper ions along thec axis in Cu~L-asp!,
as obtained from the crystallographic data~Ref. 22!. It shows how
copper ions are connected by thes skeleton of theL-aspartic acid
molecules.~b! Projection of the chains along thec axis showing the
interactions of one chain with the four neighbor chains.
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1200 PRB 60RAFAEL CALVO et al.
chain alongc is surrounded by two symmetry-related paral
chains at a distanceb/2 in theb direction. The distance from
a given Cu ion in the central chain to the nearest cop
neighbors in each of these parallel chains is 5.36 Å. Fig
4~b! also shows that a central chain has other two neigh
chains separated by abouta/2 in thea direction. In this case
the distances from a given Cu ion in the central chain to
two closest copper neighbors in the other two chains
equal to 5.00 and 5.23 Å, respectively. Copper ions in
central chain and its four nearest-neighbor chains are in
connected by hydrogen bonds and carboxylate brid
shown in Figs. 5~a!, 5~b! and 5~c!. Copper neighbors at 5.0
Å are connected by two symmetry-related paths with leng
of 9.50 Å. These paths, made of a sequence of a hydro
bond and a carboxylate bridge, are shown in Fig. 5~a!. Cop-
per neighbors at 5.23 Å are connected by two symme
related hydrogen bonds between the apical water oxy
ligand of one copper and an equatorial oxygen ligand to
other copper, as shown in Fig. 5~b!. The total length of this
path is 7.04 Å. Copper ions separated by 5.36 Å in thb
direction are connected by a single hydrogen bond involv
an equatorial water oxygen ligand to one Cu and an equ
rial N ligand to the other, as shown in Fig. 5~c!. This is the
shortest exchange path, with a total length of 6.59 Å . The

FIG. 5. Interchain connections:~a! copper atoms at 4.999 Å,~b!
copper atoms at 5.23 Å, and~c! copper atoms at 5.36 Å.
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magnitudes of the exchange interactions between coppe
5.00, 5.23, and 5.36 Å will be calledJ1 , J2, andJ3, respec-
tively. Figure 6 includes only the copper ions in Cu~L-asp!
and shows the geometric arrangement of the four types
superexchange paths (Js , J1 , J2, andJ3). Figures 4, 5, and
6 will be used to discuss the experimental results in terms
the structure. If the contribution of the connectionsJ1 , J2,
andJ3 were negligible~see Fig. 6!, one would expect a 1D
magnetic behavior with chains along thec axis, and intra-
chain couplingsJs . As explained before, this situation is no
supported by the new experimental evidence. Otherwise
the different interchain couplings, labeled asJ1 , J2, andJ3
in Figs. 5 and 6, have magnitudes comparable or larger t
Js , different types of magnetic behavior may be expect
The couplingsJ1 andJ2 involve double-exchange pathway
In the case where they are the leading interactions we wo
expect for Cu~L-asp! the behavior of an infinite alternatin
spin chain~see Fig. 6!. When eitherJs andJ2 or Js andJ1,
as well asJ2 andJ3, are the leading interactions, we wou
expect a behavior corresponding to a ladderlike chain. In
work we adopt the first possibility. The distances betwe
the copper atoms coupled by the interactionsJ1 and J2 are
the shortest, and the fact that they involve two symmet
related exchange pathways reinforces this assumption.

IV. LINEAR ALTERNATING SPIN CHAINS

The behavior of an infinite alternating Heisenberg sp
chain withn spins (n even! can be described by the Hami
tonian

H5uJ0uH̃, ~1!

with

FIG. 6. Exchange network between copper ions in Cu~L-asp!.
The four types of superexchange paths are shown. As discuss
the text different relative magnitudes of these parameters wo
produce different magnetic behavior.
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H̃5H̃ex1H̃z522
J0

uJ0u (
i 51

n/2

@S2i•S2i 211aS2i•S2i 11#

1(
i

ySiz , ~2!

whereH̃ex andH̃z are the scaled exchange and Zeeman
teractions, respectively. In Eq.~2!, y5gmBB/uJ0u, whereB
is the magnetic field applied alongz. The eigenvalues of the
chains and the thermodynamic properties of the system
scribed by Eqs.~1! and ~2! were calculated by Duffy and
Barr10 for 0,a,1, n<10, and extrapolated to chains wit
n→`. Solutions for alternating chains withn512 and 14
spins have also been reported.12,18 Hatfield16 gave algebraic
expressions which reproduce well the results calculated10 for
the magnetic susceptibility and provide a way to fit the mo
els to the experimental data in order to estimate the par
etersJ0 anda.

The molar specific heatc(T), magnetic susceptibility
x(T), and magnetizationM (B,T) of a system described b
Eqs.~1! and ~2! can be calculated as

c~T!5
Nk

x2
@^H̃2&y502^H̃&y50

2 #, ~3!

x~T!uJ0u

Ng2mB
2

5
1

x
^Sz

2&y50 , ~4!

M ~B,T!52NgmB^Sz&, ~5!

wherex5kT/uJ0u andN is Avogadro’s number. In Eqs.~3!,
~4!, and~5! the averageŝA& of an operatorA are calculated
per ion in then-spin chain from the solution of the Hami
tonianH̃ as

^A&5
1

n

tr$A exp~2H̃/x!%

tr$exp~2H̃/x!%
, ~6!

and the thermodynamic properties of an infinite unifo
chain can be obtained using Eqs.~3!, ~4!, and ~5! from the
limiting behavior of Eq.~6! for large n.6 To compare our
experimental results with the predictions of the model
solved the Hamiltonian of Eqs.~1! and ~2! for n510, 12,
and 14 spins following standard methods.6,10,27As suggested
by the Curie plot~inset of Fig. 3!, we proposed a predomi
nantly antiferromagnetic exchange (J0,0) and varied21
<a<1, solving the Hamiltonian of Eqs.~1! and ~2! with
cyclic boundary conditions. The condition 0,a,1 pertains
to those cases where the coupling of each spin in the c
with both neighboring spins is antiferromagnetic. The con
tion 21,a,0 applies to those cases in which the coupli
of each spin is antiferromagnetic with one neighbor but f
romagnetic with the other, the antiferromagnetic coupl
being dominant.18,19 The eigenvalues of the chain withn
510, 12, and 14 were calculated in the whole range ofa in
steps of 0.01, and used to evaluatec(T), x(T), andM (B,T)
using Eqs.~3!, ~4!, and ~5!. By comparing the values o
c(T), x(T), andM (B,T) obtained from the eigenvalues o
spin chains of different lengths, we observed that the res
for 14 spins can be safely taken as the limit forn→` in the
-

e-

-
-

e
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-
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lts

range of the alternation parametera appropriate for Cu~L-
asp!. This is not the case for uniform chains (a51), particu-
larly at low T.6

V. MODEL CALCULATION AND FITTING PROCEDURES

In order to compare the data with the predictions of t
alternating chain model and evaluate the parametersJ0 ,
a,J8, andg we proceeded in two steps. First we estimate
set of values of the parameters of the model which reprod
the main features of the experimental results, i.e., the sus
tibility and specific heat peaks, without considering inte
chain interactions. The specific heat depends only ona and
J0, while the magnetic susceptibility also depends on
averageg factor. We calculated the peak valuecmax/R of the
specific heat and the value ofx5kT/uJ0u at this maximum,
as a function of the alternation parametera in the whole
range mentioned above using Eq.~3! and the eigenvalues o
the 14-spin chain. The results of these calculations are g
as solid lines in Figs. 7~a! and 7~b!, respectively. The experi

FIG. 7. Values calculated as a function ofa using Eqs.~3! and
~4! and the Hamiltonian of Eq.~2! for chains of 14 spins.~a! Maxi-
mum value for the specific heat (cmax/R). The experimental value
of cmax/R for Cu~L-asp! is indicated by the horizontal dashed are
The two possible values ofa which explain the observed pea
value of c(T) in Fig. 2 are indicated as vertical dashed lines.~b!
Positionxmax5kTmax/J0i at this peak, as a function of the alternatio
parametera. ~c! Position xmax5kTmax/iJ0i where the maximun
value ofxmax(T) occurs.~d! Values ofxmaxTmaxk/Ng2mB

2 . In panels
~b!, ~c!, and~d! the possible values ofJ0 andg obtained from the
experimental data using the calculated curves area50.34 anda
520.46.
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1202 PRB 60RAFAEL CALVO et al.
mental valuecmax/R50.47360.004 from Fig. 1, indicated in
Fig. 7~a! by the horizontal dashed area, can be reproduce
two possible valuesa'0.34 anda'20.46, indicated by
dashed vertical lines in Fig. 7. As shown in Fig. 7~b!, the
former corresponds tox(cmax)50.700 and the latter to
x(cmax)50.687. Since the observed value forT(cmax) is 3.95
K, the two possibilities for the set of parameters (a,J0)
which fit the specific heat maximum are (a50.34, J0
525.64 K) and (a520.46, J0525.75 K). The suscep
tibility data in the temperature range of its maximun a
analyzed using Figs. 7~c! and 7~d!. There we plot the value
x@xmax# of x5kT/uJ0u at which the maximum of the suscep
tibility xmax occurs @Fig. 7~c!# and ^Sz

2&max

5xmaxTmaxk/Ng2mB
2 at this maximum, as a function ofa from

@Fig. 7~d!# using Eq.~4!. Considering the experimental valu
xmax50.0314 emu/mol at 6.9 K, we obtain from Figs. 7~c!
and 7~d! the values (a50.34,J0525.60 K, g52.243) and
(a520.46,J0525.65 K, g52.075). Both set of values o
J0 obtained from Fig. 7~c! compare well with those obtaine
from the specific heat data@Fig. 7~b!# and do not allow us to
define a single value ofa. Theg values obtained for eacha
are in reasonable agreement with the EPR results,22 and they
do not help to select a unique value. An additional piece
information can be obtained from the ratioT(cmax)/T(xmax).
However, the experimental value ofT(cmax)/T(xmax)
5x(cmax)/x(xmax)50.572 is compatible with both possibilitie
for a @x(cmax)/x(xmax)50.56 at a520.46 and
x(cmax)/x(xmax)50.57 at a50.34#, and consequently doe
not allow us to select a clearly unique result. Thus,
should search for a detailed fit of the experimental result
both ranges ofa, around 0.34 and around20.46.

In a second stage of the fitting we considered all exp
mental points in Figs. 1, 2, and 3, and calculatedc(T), x(T),
andM (B,T) using Eqs.~3!, ~4!, and~5! @including also the
interchain interactionJ8 effects on M (B,T)/B or x(T),
within a mean-field approximation#. For each set of the fou
parameters we calculated the mean-square devia
sZ(J0 ,a,g,J8),

sZ~J0 ,a,g,J8!5H (
j

@~Zj !expt2~Zj !calc#
2

(
j

~Zj !expt
2 J 1/2

~7!

between the experimental values (Zj )expt and those calcu-
lated with the model, (Zj )calc, for each experimental point o
the measured properties@Z5c(T), x(T), andM (B,T)#. The
sum of these deviations gives an appropriate ‘‘weight fu
tion’’ S which should be minimized varyingJ0 , a,g, andJ8
in order to obtain the best set of parameters. To achieve
global fitting we used the simulated annealing method.28–30

This method, introduced by Kirkpatricket al.,28 is based on a
strong analogy between the physics of the annealing pro
in solids and complicate optimization problems. In partic
lar, it is useful to perform a global fitting to different sourc
of data. In general these problems do not have a single m
mum for S, and one needs to look for an absolute, glo
minimum. The annealing method uses the Monte Ca
algorithm,31 to simulate the approach to thermal equilibriu
of a solid in contact with a thermal bath, and its impleme
by
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tation for fitting data purposes was given by Presset al.30

Using this method we obtained the set of valuesJ0 /k
5(25.360.1) K, a50.2960.01, J8/k5(0.760.1) K,
and g52.16560.002, which give the best fit of the dat
~minimun S). Figures 1, 2, and 3 include as solid lines t
values ofc(T), x(T), andM (B,T) calculated with this set
of parameters. The global agreement is very good, part
larly considering the different sources of experimental inf
mation fitted. We tried the region arounda520.46, also
indicated by Fig. 7, with much poorer results.

The analysis of the experimental data described ab
indicates a magnetic behavior characteristic of an antife
magnetic alternating spin chain for Cu~L-asp! with a50.29.
This behavior was not detected in our previous study of t
compound where the susceptibility data were taken abov
K and no specific heat data were available. Bonner a
Fisher6 showed that anisotropies in the exchange interac
coupling nearest-neighbor spins increase the magnitude
the peak values of the specific heat and the magnetic sus
tibility of the chain and, more importantly, causex(T)→0
for T→0. We have also explored this possibility by follow
ing steps similar to those leading to Fig. 7. Our results
this alternative indicated that Cu~L-asp! should behave as a
quasipure Ising-like chain@a very unlikely situation for
Cu~II ! ions#. On the other hand, the fit of the data obtain
with this model is very poor. Consequently, the possibility
anisotropic exchange was disregarded from our analysis

VI. DISCUSSION

We have shown above that our experimental res
@c(T), x(T), and M (B,T)# can be explained assuming fo
Cu~L-asp! the behavior of an antiferromagnetic alternati
spin chain. The chemical paths relevant to transmit excha
interactions between copper ions in Cu~L-asp! are displayed
in Figs. 4, 5, and 6. Figure 6 schematizes the network
different exchange paths, and it is intended to clarify t
possible magnetic behaviors. Some of them can be descr
as follows.

~i! When J1 , J2, and J3 are much smaller thanJs , the
system would display a uniform chain behavior, with cha
alongc. This situation was our previous assumption22 of an
antiferromagnetic uniform spin chain, where the super
change path is provided by thes skeleton of the amino acid
Our experimental data do not give support to this assum
tion. This may be explained considering the limit functio
for the magnitude of the exchange interaction vs dista
described by Coffman and Buettner32 for long-range antifer-
romagnetic superexchange. Thes skeleton of the amino acid
@see Fig. 4~a!# has a total Cu~II !-Cu~II ! distance of 9.75 Å,
and the predictedJ value would be;0.7 K, which is much
smaller than that obtained from the experimental data.

~ii ! If Js andJ3 were small as compared withJ1 andJ2,
an alternating spin chain behavior should be expected, w
chains alonga. HereJ1 andJ2 are transmitted by paths with
lengths of 5.00 and 5.23 Å, via two symmetry-related pa
ways involving hydrogen bonds and carboxylate bridges@see
Figs. 4~a! and 4~b!#. This situation is supported by the ex
perimental data. Exchange interactions transmitted thro
hydrogen bonds have been studied recently in copper am
acid complexes,25 showing values ofJ somewhat smaller
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than 1 K. So the present experiments show larger valuesJ,
even when the path are longer.

~iii ! If Js and eitherJ1 or J2 are larger than the other two
then spin ladders alongc are formed. It has been pointe
out33 that for some systems it is rather difficult to distingui
between the alternating or the ladder chain behavior to al
for an unequivocal assignment of the paths involved in for
ing the magnetic structure of these systems.

~iv! If Js and J3 were the dominant interactions, a 2
magnetic behavior would be expected. It does not seem
this is supported by the specific heat and susceptibility d
in Figs. 1 and 2. With this assumption one should disreg
the contribution ofJ3 to the magnetic behavior of Cu~L-asp!.

Our experimental data are compatible with more than
of these situations, the most important being the alterna
chain and the ladderlike chain. It is worth noting that in bo
cases the exchange interaction pathways involve hydro
bonds. Thus, an important finding is that relatively comp
and long exchange pathways involving H bonds may g
rise to exchange interactions as big as 5 K. As pointed
x-
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above, the alternating chain that better explains our data
thea direction, and is not parallel to the Cu-asp-Cu skelet
Exchange interactions transmitted through hydrogen bo
have been studied in copper amino acid complexes,25 show-
ing values ofJ somewhat smaller than 1 K. The prese
experiments show larger values ofJ, even when the paths ar
longer.
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