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Specific heat, magnetic susceptibility, and magnetization measurements were performed in polycrystalline
samples of the copper complex of the amino acidspartic acidcalled CyL-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 byrthkeleton of aspartic acid. If this were the case, a
uniform J, 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. Sfaéhcopper ion is
coupled with an isotropic exchange interactiyik=(—5.3+0.1) K with one copper neighbor in the chain,
and aJy/k=(—1.5£0.1) K with the othera=(0.29+0.02)]. The averagey value isg=2.165+0.002.
Considering the alternating chain model, the susceptibility and magnetization data suggest also the presence of
an additional interchain ferromagnetic coupling, whighithin a mean-field approximatigrieads toJ’/k
=(0.7+£0.1) K. Other exchange paths are proposed to explain the data. An important finding is that hydrogen
bonds may support relatively large valuesJof S0163-18209)11925-§

I. INTRODUCTION study of alternating chains was stimulated by the discovery
of S=3 compounds having uniform spin chains, which at a
Considerable efforts have been made in order to achieve eertain temperaturd, display the so-called spin-Peierls
better understanding of quantum Heisenberg spin chains arntchnsition, below which a temperature-dependent dimeriza-
layers. The classical papefrs dealing mainly with the tion of the chain sets if’?
eigenstates of linear chains, were rewarded by the discovery Recently, some of us reported the crystal structure,
of real compounds showing this low-dimensional magnetiaonagnetic ~ susceptibility, —and  electron  paramag-
behavior*® Detailed calculations of the thermodynamic netic resonance(EPR measurements for the copper
properties of spin chains were reported by Bonner andomplex of L-aspartic acid? Cu(L-aspartati(H,0),,
FisheP (BF) who extrapolated to infinite chains results ob- [ Cu(CO,NH,CHCH,CQ,)(H,0),] [hereafter called Qu-
tained for finite chains of spin§= 3. Since then there has asp]. Susceptibility data were obtained in polycrystalline
been a continuously growing set of experimental informationrsamples above 5 K. EPR measurements were performed in
about inorganic and organic compounds showing one- ooriented single crystals at room temperature. The magnetic
two-dimensional magnetic behavior. This and the discovensusceptibility] x(T)] versus temperatufd] dat&? displayed
of the highT, superconducting materials showing 2D mag-a broad maximum at 7 K, decreasing toward lower and
netic ordering have given a renewed impulse to theoreticahigher temperatures. This is the qualitative behavior ex-
studies of low-dimensional spin arrays. This line of researcipected for a 1D spin chain, and the temperature of the maxi-
has been reviewed by several authdfs® mum is an indication of the development of short-range mag-
Alternating spin chains, in which each spin has differentnetic order of the spins in the chain. These experimental
exchange couplings with its neighbors to the right and to theesults were compared to the predictions of @ef. 6 for
left, have been investigated theoreticdlly' and  uniform antiferromagnetic chains with nearest-neighbor ex-
experimentally:>~1’ Most of these studies have dealt with change interactions. That model reproduced the general as-
cases in which all interactions are antiferromagnetic, alpects of the shape of the observed susceptibilify) curve,
though cases with alternating antiferromagnetic and ferrobut failed to agree with the magnitude and shape of the data
magnetic interactions have been analyzed recéffiyThe around the maximum and at loW. To account for these
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discrepancies we proposédn additional interchain interac- ' ' T
tion J’ and, using the mean-field approximation of Hatfield 05r & ©  experimental i
et al,?® we obtainedly/k=—5.3 K andJ’'/k=2.2 K. This alternating chain model
value for the ferromagnetic interchain interactibnwas not ~ “*[ [ &% 7 uniform chain model
much smaller than the intrachain antiferromagnetic interac-

tion Jy and raises doubts about the applicability of such an
approximation. This result indicated that magnetic measure- &
ments performed at lower temperatures were needed in order

to make progress in the understanding of the magnetic be-
havior of CuL-asp. A very intriguing resuft? was the ob-
servation of a relatively large magnitude for the superex-
change couplingly, in a lattice where the superexchange

paths connecting the copper ions were assumed to be asso- 0 4 8 12 16 20

ciated with the longr bonds involving five diamagnetic at- Temperature [K]

oms provided by the skeleton of the aspartic acid molecule FIG. 1. Magnetic contribution to the molar specific heat as a

and by some hydrogen bonds. ) ) function of T for Cu(L-asp [plotted asc(T)/R; here R=Nk

In this paper we report more detailed magnetic data for_g 3145 J/(mole K). The solid line gives the best global fit to the
Cu(L-asp. Specific heaf{c(T)] measurements have been gata obtained with the alternating Heisenberg spin chain model,
performed in the temperature range3<<45 K, where the including interchain coupling. The dotted line correspond to the
magnetic contribution is the largest. Magnetic susceptibilityprediction of the BF modeRef. 6 for a uniform spin chain, and is
and magnetization data have also been obtained. The specifiluded for comparison.
heat vsT curve displays a peak valug,,,/R much higher
than that expected for a uniform chain. The susceptibilitymagnetization data. The dc magnetic susceptibji¢¥) of
data display a peak at about 6.9 K and show @) —0 at  Cu(L-asp was measured in an applied field B=0.1 T in
low temperatures. This last result is not expected for unifornthe temperature range k8 <300 K. The results for 1.8
Heisenberg spin chaiffé* and was not detected in previous <T<20 K are shown in Fig. 2, after being corrected for the
measurement$ performed at higheT. Moreover, the shape diamagnetic-temperature-independent contribution, which
of the observed temperature dependence of the magnetic sugas done using standard tabulated vaRiaale did not con-
ceptibility does not agree with that predicted for uniform sider the(very smal) temperature-independent paramagnet-
chains. ism. The ac magnetic susceptibility of the same sample was

We show here that the specific heat and magnetic data fellso measured from 2 to 100 K with results coincident with
Cu(L-asp may be explained as corresponding to a spin chainhose given in Fig. 2 within the accuracy of the experimental
with alternating exchange interactions. Magnetization data adata. A Curie-Weiss plot of the inverse susceptibility data in
high fields proved to be very useful to clarify this behavior.the high-temperature rangmset of Fig. 3 displays the be-
We have also analyzed the data in terms of exchange anisot-
ropy [since according BERef. 6 this may also explain the T eo16s -
experimental resulfswithout success. No evidence of struc- 0ol R Jo/k:'_st ™ {D=T-85C 1]
tural changes below room temperature or of a spin-Peierls T B8 rx=070K _a0 C=0M34,6=510)K
transition was found in this system. Our results are discussed 5 e
and explained in terms of the structure of(Caasp (Ref. 22

J/k=-531K

Specific heat c(7)
Cu(L-asp)(H,0),

and the bonds connectin_g the copper ions which provide g 0.02 C_asp)(Hzo) T
paths for superexchange interactions. E ‘
3 150 200
= 0.01 -
Il. EXPERIMENTAL RESULTS AND QUALITATIVE ' experimental Tagp,
DISCUSSION OF THE DATA altormsting ohain model 0008000000000,
T T s iform chain model
Copper(L-aspartatp dihydrate was prepared as reported 0.00 smormenammete .
before?? The specific heat data were obtained with an adia- 0 20 40 60 80 100
batic calorimeter in the temperature range B<45 K in Temperature (K)

polycrystalline samples prepared as explained by Siqueira

et al?® The vibrational contribution, proportional B°, was FIG. 2. Molar dc magnetic susceptibility data of (Csp,

ted . Th th aanetic contribution to the specifi measured at 0.1 T in the temperature range between 1.8 and 40 K.
corrected . us, the magnet toutl P (bata points are corrected for the diamagnetic contribution. The

heatc(T)/R is plotted as a function of ?n Fig. 1.'Their ._solid line gives the best global fit to the data obtained with the
behavior resembles that expected for a linear chain of SPN3jternating Heisenberg spin chain model, including interchain cou-

with @ maximum value at 3.95 K. However, the maximum yjing The dashed line is obtained as explained in the text, ignoring

value observed for the specific heat €,,/R=0.473  the interchain interactiond’. The dotted line corresponds to the
=0.004, much larger than the valug,,/R=0.35 corre-  prediction of the BF modelRef. 6 for a uniform spin chain, and it
sponding to a uniform Heisenberg spin chafh. is included for comparison. The inset shows a Curie-Weiss plot of

A Quantum Design MPMS-2 superconducting quantumthe susceptibility data. The solid line gives the best fit of the data to
interference devicdSQUID) magnetometer and PPMS ac the Curie-Weiss law, with the values @f and ¢ included in the
susceptometer were used to obtain the susceptibility anfigure.
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FIG. 3. Molar magnetization data for Quasp as a function of
applied magnetic field for different temperatures. The solid line
gives the best global fit to the data obtained with the alternating
Heisenberg spin chain model, including interchain coupling.

havior y " 1(T)=(T— 6)/C with C=0.4434(4)(emu K)/mol

and a Weiss constamit=—5.12 K. This value ofC leads to

an averagg factor, ofg=2.175 for the copper ions, in good
agreement with the average valge-2.169 obtained from
single-crystal EPR dat®.Like the specific heat, the experi-
mental susceptibility curve of Fig. 2 displays features resem-
bling those corresponding to uniform chains. However, to
explain the observed magnitude of the maximp(iT) with

a uniform spin chain model requires either an unphysical
value of theg factor for Cull) or, as shown previousk?
large interchain couplings. Moreover, the susceptibility data
approach zero a§—0, a result not expected for linear uni-
form chains with isotropic exchan§élhis was not observed

in Ref. 22 as the data were obtained above 5 K. In order to
obtain additional insight into this system we performed mag-
netization measurements as a function of field in the range
between 0 and 9 T, at fixed temperatures 2, 5, 7, and 10 K.
These results are displayed in Fig. 3. Cu

(b)

Ill. CRYSTAL STRUCTURE OF Cu (L-asp) AND POSSIBLE
SUPEREXCHANGE PATHWAYS FIG. 4. (8) Chain of copper ions along theaxis in CyL-asp,

. as obtained from the crystallographic déRef. 29. It shows how
The crystal structure of Gu-asp at room temperature is copper ions are connected by threskeleton of the.-aspartic acid

monoclinic, space groug2, a=9.504 A, b=10.038 A, _molecules(b) Projection of the chains along tleeaxis showing the
c=7.555 A, andB=94.01, with four molecules per unit interactions of one chain with the four neighbor chains.

cell (Z=4).22In this group, the three symmetry-related at-

oms are obtained from the first at,{,2) by the symmetry  hroyugh one of the oxygens of the other carboxylate group.
operations €x,y,—2), (3+X,3+Vy,2), and ¢—x,3+v, Thus, it displays polymeric chains asp-Cu-asp-Cu-asp-Cu-
—2z). The molecular structure around the copper ion isasp along the axis. Figure 4a) displays one of these chains
square pyramidal, having an amino nitrogen and a carboxyand illustrates how the amino acid molecules connect the
late oxygen from the glycine ring of the amino acid, an oxy-copper ions. Within each chain, every copper atom and
gen from the other carboxylate group, and a water molecule-aspartic molecule are obtained by simple lattice transla-
(W1), as equatorial ligands. Another water molec(2) is  tions alongc. The superexchange pathways within the chains
at the apex of the pyramifkee Fig. 4a)]. Aspartic acid, are provided by ther skeleton of the amino acid which
HO,C(CH,)CHNH,CO,H (together with glutamic acjdis  involves five diamagnetic atoms. The Cu-Cu distance in this
peculiar among amino acids. It has two carboxylate groupsshain is 7.5 A |, and the superexchange path has a total
one in the amino acid group at one end and the other at thiength of 9.5 A . The magnitude of the exchange interaction
end of the side chain. In Quasp the aspartic acid molecule arising from this path will be called, . Figure 4b) displays
binds one Cdl) ion through the carboxylate oxygen and the a projection of the structure along the direction of the chain,
amino nitrogen of the glycine ring, and to another copperparallel to thec axis. As shown in this figure, one central
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The four types of superexchange paths are shown. As discussed in
the text different relative magnitudes of these parameters would
produce different magnetic behavior.

magnitudes of the exchange interactions between coppers at
5.00, 5.23, and 5.36 A will be called}, J,, andJ;, respec-
tively. Figure 6 includes only the copper ions in (Ciasp

and shows the geometric arrangement of the four types of
superexchange paths,(, J;, J,, andJs). Figures 4, 5, and
devc,=5.36 6 will be used to discuss the experimental results in terms of

FIG. 5. Interchain connectionéz) copper atoms at 4.999 Ab) the structure. If the contribution of the connectiahs J,,

copper atoms at 5.23 A, ar(d) copper atoms at 5.36 A. andJ; were negligible(see Fig. § one would expect a 1D
magnetic behavior with chains along tkheaxis, and intra-

_ ) chain couplingdl,,. As explained before, this situation is not
chain alonge is surrounded by two symmetry-related parallel sypported by the new experimental evidence. Otherwise, if
chains at a distand®/2 in theb direction. The distance from the different interchain couplings, labeled &s J,, andJ;

a given Cu ion in the central chain to the nearest coppej Figs. 5 and 6, have magnitudes comparable or larger than
neighbors in each of these parallel chains is 5.36 A. Figurga_, different types of magnetic behavior may be expected.
4(b). also shows that a central chain has other two neighbofhe couplingsl; andJ, involve double-exchange pathways.
chains separated by abaf® in thea direction. In this case, |n the case where they are the leading interactions we would
the distances from a given Cu ion in the central chain to th@xpect for CiL-asp the behavior of an infinite alternating
two closest copper neighbors in t_he other two _chalr_ls argpin chain(see Fig. . When eitherd, andJ, or J,, andJ;,
equal to 5.00 and 5.23 A, respectively. Copper ions in theys \ell asl, andJs, are the leading interactions, we would
central chain and its four nearest-neighbor chains are integypect a behavior corresponding to a ladderlike chain. In this
connected by hydrogen bonds and carboxylate bridgegork we adopt the first possibility. The distances between
shown in Figs. &), 5(b) and §c). Copper neighbors at 5.00 he copper atoms coupled by the interactidasand J, are

A are connected by two symmetry-related paths with lengthgne shortest, and the fact that they involve two symmetry-

of 9.50 A. These paths, made of a sequence of a hydrogeated exchange pathways reinforces this assumption.
bond and a carboxylate bridge, are shown in Figy).5Cop-

per neighbors at 5.23 A are connected by two symmetry-
related hydrogen bonds between the apical water oxygen IV. LINEAR ALTERNATING SPIN CHAINS

ligand of one copper and an equatorial oxygen ligand to the The behavior of an infinite alternating Heisenberg spin

other copper, as shown in Fig(§. The total length of this  chain withn spins 1 even can be described by the Hamil-
path is 7.04 A. Copper ions separated by 5.36 A inlthe tonian

direction are connected by a single hydrogen bond involving

an equatorial water oxygen ligand to one Cu and an equato- H= |Jo|¢f, (1)
rial N ligand to the other, as shown in Fig(ch This is the

shortest exchange path, with a total length 0f96%. The  with
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whereH,, and H, are the scaled exchange and Zeeman in- o3 b °‘=I‘.0-46 . 0‘=0,'34I b
teractions, respectively. In EQR), y=gugB/|Jo|, whereB — -i‘ T ’i‘ ——+—

is the magnetic field applied alory The eigenvalues of the ook ?® (e ];0 . e ]='0 200 d

chains and the thermodynamic properties of the system de- g sk ek 1

scribed by Eqgs(1) and (2) were calculated by Duffy and o 08 [ i °\; ]

Barr'? for 0<a<1, n=<10, and extrapolated to chains with o7k \J ' i

n—o. Solutions for alternating chains with=12 and 14 1

Egs.(1) and(2) can be calculated as

spins have also been reportéd® Hatfield'® gave algebraic 162 Fe at !_:]"22'1" SIS i
expressions which reproduce well the results calcutdted 1 ’i’}”:i 65K I
the magnetic susceptibility and provide a way to fit the mod- —31.53 | N /d) _
els to the experimental data in order to estimate the param- ¢ I . b Io1231 b |
etersJp anda. =144 F : =] =5.605K | -
The molar specific heat(T), magnetic susceptibility L : oy : L
x(T), and magnetizatioM (B, T) of a system described by 0.14 g Tt I:Iy,:m=l0.il4l7 i
|
1

(=g=2.243)

£0.12 F
Nk za 7o SN
c(T)= FRH yy=0—{H)y-0l, €) 0.10 F |
F |[y.m“.:x.m*“.T'"exk/.N%2“.B?. R
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FIG. 7. Values calculated as a function @fusing Eqs(3) and
M(B,T)=—Ngug(S,), (5) (4) and the Hamiltonian of Eq2) for chains of 14 spinga) Maxi-

. mum value for the specific heat{,,/R). The experimental value
wherex=KkT/|Jo| andN is Avogadro’s number. In Eq$3), o Cmax/R for Cu(L-asp is indicated by the horizontal dashed area.
(4), and(5) the average¢A) of an operatoA are calculated  The two possible values of which explain the observed peak
per ion in then-spin chain from the solution of the Hamil- value ofc(T) in Fig. 2 are indicated as vertical dashed linés.
tonianH as PositionX .= KTmax/Jo|l at this peak, as a function of the alternation

parametera. (c) Position Xma=KTmax/dol Where the maximun

1 tr{Aexp(—H/x)} value of yma(T) occurs.(d) Values of ymadmak/NFu3. In panels

= n = ) (6) (b), (c), and(d) the possible values af, andg obtained from the
tr{exp( —H/x)} experimental data using the calculated curves @re0.34 anda

and the thermodynamic properties of an infinite uniform = —0-46.

chain can be obtained using Ed8), (4), and(5) from the

limiting behavior of Eq.(6) for large n.° To compare our range of the alternation parameterappropriate for C(L-
experimental results with the predictions of the model weasp. This is not the case for uniform chaina 1), particu-
solved the Hamiltonian of Eqgl) and (2) for n=10, 12, Ilarly at low TS

and 14 spins following standard methdd$€:?’ As suggested
by the Curie plot(inset of Fig. 3, we proposed a predomi-
nantly antiferromagnetic exchangd,&0) and varied— 1
<a<1, solving the Hamiltonian of Eqgl) and (2) with In order to compare the data with the predictions of the
cyclic boundary conditions. The conditionQx<<1 pertains alternating chain model and evaluate the parameigrs

to those cases where the coupling of each spin in the chaia,J’, andg we proceeded in two steps. First we estimated a
with both neighboring spins is antiferromagnetic. The condi-set of values of the parameters of the model which reproduce
tion —1<a<0 applies to those cases in which the couplingthe main features of the experimental results, i.e., the suscep-
of each spin is antiferromagnetic with one neighbor but fertibility and specific heat peaks, without considering inter-
romagnetic with the other, the antiferromagnetic couplingchain interactions. The specific heat depends onlyraand
being dominant®® The eigenvalues of the chain with Jo, while the magnetic susceptibility also depends on the
=10, 12, and 14 were calculated in the whole range af averagegy factor. We calculated the peak valog,,/R of the
steps of 0.01, and used to evalua(d), x(T), andM(B,T) specific heat and the value rf=kT/|J,| at this maximum,
using Egs.(3), (4), and (5). By comparing the values of as a function of the alternation parameterin the whole
c(T), x(T), andM(B,T) obtained from the eigenvalues of range mentioned above using Eg) and the eigenvalues of
spin chains of different lengths, we observed that the resultthe 14-spin chain. The results of these calculations are given
for 14 spins can be safely taken as the limit for in the  as solid lines in Figs. (&) and %b), respectively. The experi-

(A)

V. MODEL CALCULATION AND FITTING PROCEDURES
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mental valuec,,,/R=0.473+0.004 from Fig. 1, indicated in tation for fitting data purposes was given by Pressl>

Fig. 7(a) by the horizontal dashed area, can be reproduced bysing this method we obtained the set of valukgk
two possible valuesy~0.34 anda~—0.46, indicated by =(—-5.3%0.1) K, «=0.28+0.01, J'/k=(0.7£0.1) K,
dashed vertical lines in Fig. 7. As shown in Figby the and g=2.165+0.002, which give the best fit of the data
former corresponds toX(Cy,)=0.700 and the latter to (minimun). Figures 1, 2, and 3 include as solid lines the
X(Cma)=0.687. Since the observed value (T, is 3.95  values ofc(T), x(T), andM(B,T) calculated with this set
K, the two possibilities for the set of parameters,J;) of parameters. The global agreement is very good, particu-
which fit the specific heat maximum arex€0.34, J, larly considering the different sources of experimental infor-
=-5.64 K) and @¢=—0.46,J,=—5.75 K). The suscep- Mmation fitted. We tried the region aroung=—0.46, also
tibility data in the temperature range of its maximun areindicated by Fig. 7, with much poorer results.
analyzed using Figs.(@ and 7d). There we plot the value The analysis of the experimental data described above
X[ Xmad Of Xx=kT/|Jo| at which the maximum of the suscep- indicates a magnetic behavior characteristic of an antiferro-
tibility  xmex OccUrs [Fig. 7(©] and (SHn Magnetic alternating spin chain for Cuasp with «=0.29.
= XmaxTmak/NGZ2 at this maximum, as a function of from  This behavior was not detected in our previous study of this
[Fig. 7(d)] using Eq.(4). Considering the experimental value compound Wher_e_ the susceptibility data were taken above 5
Ym=0.0314 emu/mol at 6.9 K, we obtain from Figgcy’ K and no specific heat data were available. Bonner and
ang 7d) the values &=0.34,J,=—5.60 K, g=2.243) and FisheP showed that anisotropies in the exchange interaction
(a=—0.46,J,=—5.65 K g;=2.075). Bott’1 set of values of CcOUPling nearest-neighbor spins increase the magnitudes of
Jo obtained from Fig. &) compare well with those obtained t_he_:_peak values c_)f the specific _heat and the magnetic suscep-
from the specific heat daf#ig. 7(b)] and do not allow us to  tPility of the chain and, more importantly, caus¢T)—0
define a single value of. Theg values obtained for each  [OF T—0. We have also explored this possibility by follow-
are in reasonable agreement with the EPR re&ttisd they N9 steps S|_m|Ia_r to those leading to Fig. 7. Our results for
do not help to select a unique value. An additional piece ofNis alternative indicated that Quasp should behave as a
information can be obtained from the raf@c,)/T(tma)- guasipure Ising-like chairfa very unlikely situation for
However, the experimental value O (Cpa)/T(Xna) Cu(ll) ions]. On the other hand, the fit of the data obtained

’ ma ma

= X(Cra)X(Xmar) =0.572 is compatible with both possibilities with this model is very poor. Consequently, the possibility of
for " [)T(c X(ma)=056 at a=-046 and anisotropic exchange was disregarded from our analysis.
m ma . .

X(Cmad(xmaxd =0.57 at «=0.34], and consequently does

not allow us to select a clearly unique result. Thus, we VI. DISCUSSION

should search for a detailed fit of the experimental results in )

both ranges ofx, around 0.34 and aroune 0.46. We have shown above that our experimental results
In a second stage of the fitting we considered all experilS(T), x(T), andM(B,T)] can be explained assuming for

mental points in Figs. 1, 2, and 3, and calculatéd), x(T), Cu(L-asp the behavior of an antiferromagnetic alternating

andM(B,T) using Egs(3), (4), and(5) [including also the ~SPin chain. The chemical paths relevant to transmit exchange

interchain interaction)’ effects onM(B,T)/B or x(T), interactions between copper ions in(Casp are displayed

within a mean-field approximatignFor each set of the four N Figs. 4, 5, and 6. Figure 6 schematizes the network of

parameters we calculated the mean-square deviatio‘ﬁiffer_e”t exchan_ge paths, and it is intended to clarify the
o7(do,a,9,J") possible magnetic behaviors. Some of them can be described

as follows.
1/2 (i) WhenJ,, J,, andJ; are much smaller thad,, the
2 [(Zj)expt—(zj)ca|c]2 system would display a uniform chain behavior, with chains
! @) alongc. This situation was our previous assumpffoaf an
E (Z:)2 antiferromagnetic uniform spin chain, where the superex-
j 1/ expt change path is provided by theskeleton of the amino acid.
Our experimental data do not give support to this assump-
between the experimental valueg;).,,: and those calcu- tion. This may be explained considering the limit function
lated with the model,Z;) ¢4, for each experimental point of for the magnitude of the exchange interaction vs distance
the measured properti€Z=c(T), x(T), andM(B,T)]. The  described by Coffman and Buettdefor long-range antifer-
sum of these deviations gives an appropriate “weight funcromagnetic superexchange. Theskeleton of the amino acid
tion” 3 which should be minimized varyindy, «,g, andJ’ [see Fig. 4a)] has a total C(ll)-Cu(ll) distance of 9.75 A,
in order to obtain the best set of parameters. To achieve thiand the predicted value would be~0.7 K, which is much
global fitting we used the simulated annealing metfiod®  smaller than that obtained from the experimental data.
This method, introduced by Kirkpatriak al,?®is based on a (i) If 3, andJ; were small as compared with andJ,,
strong analogy between the physics of the annealing process alternating spin chain behavior should be expected, with
in solids and complicate optimization problems. In particu-chains along. HereJ; andJ, are transmitted by paths with
lar, it is useful to perform a global fitting to different sources lengths of 5.00 and 5.23 A, via two symmetry-related path-
of data. In general these problems do not have a single minivays involving hydrogen bonds and carboxylate bridges
mum for 3, and one needs to look for an absolute, globalFigs. 4a) and 4b)]. This situation is supported by the ex-
minimum. The annealing method uses the Monte Carlgerimental data. Exchange interactions transmitted through
algorithm?! to simulate the approach to thermal equilibrium hydrogen bonds have been studied recently in copper amino
of a solid in contact with a thermal bath, and its implemen-acid complexe$® showing values of] somewhat smaller

07(Jo,a,9,J")=
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than 1 K. So the present experiments show larger valuds of above, the alternating chain that better explains our data is in
even when the path are longer. thea direction, and is not parallel to the Cu-asp-Cu skeleton.
(iii) If J, and eitherd; or J, are larger than the other two, Exchange interactions transmitted through hydrogen bonds
then spin ladders along are formed. It has been pointed have been studied in copper amino acid compléXasow-
out®® that for some systems it is rather difficult to distinguish ing values ofJ somewhat smaller than 1 K. The present

between the alternating or the ladder chain behavior to a."OVéxperimentS show |arger Va|ues\bfeven when the paths are
for an unequivocal assignment of the paths involved in formygnger.

ing the magnetic structure of these systems.

(iv) If J, and J; were the dominant interactions, a 2D
magnetic behavior would be expected. It does not seem that
this is supported by the specific heat and susceptibility data
in Figs. 1 and 2. With this assumption one should disregard This work was partially supported by CONICE{PIP
the contribution ofl; to the magnetic behavior of Quasp.  4807-99 and UNL (CAID 96-00-010-05%in Argentina, and

Our experimental data are compatible with more than ondy Fundacao de Amparo a Pesquisa do Estado deP8alo
of these situations, the most important being the alternatingnd Conselho Nacional de Pesquisa e Desenvolvimento in
chain and the ladderlike chain. It is worth noting that in bothBrazil. It has also been supported by binational grants by
cases the exchange interaction pathways involve hydrogefintorchas and Vitae Foundations. One of(GsE.B) works
bonds. Thus, an important finding is that relatively complexin the Associate Scheme of ICTHTrieste, Italy. Helpful
and long exchange pathways involving H bonds may giveconversations with Dr. J Riera on the subject are gratefully
rise to exchange interactions as big as 5 K. As pointed ouacknowledged.
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