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Magnetism of self-assembled mono- and tetranuclear supramolecular Rii complexes
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The magnetization of a novel supramolecular grid structure consisting of fo(bigyisdyl)-pyrimidine
ligands and four Ni* ions and that of the mononuclear analoguétpy), was measured. Magnetic anisot-
ropy was determined from investigations of powder as well as of crystal samples. We provide evidence for an
intramolecular antiferromagnetic coupling of the fouP Nispins of the tetranuclear species witk —8 K.
The magnetization of the mononuclear complex is typical fob=al spin with zero field splitting. The
magnetization of the tetranuclear grid is discussed in terms of the effective spin Hamiltonian appropriate for
Ni2* ions including various higher order exchange terms. In particular, significant indications for a biquadratic
term of about)’=0.5 K is found.[S0163-18208)05630-9

Since the discovery of intramolecular magnetic interac-the following sense: the topology of the coupling is simple
tions in copper acetafe? polynuclear complexes have been and perfectly square planar and thus rather amenable to the-
of considerable interest to both physicists and chemists asretical interpretations, a possible intermolecular coupling is
they can serve as model systems to investigate exchange iguite weak, and finally the coupling strength being of about
teractions. In such systems intermolecular interactions argseveral K is of the “right” order, since on the one hand it is
frequently much smaller than intramolecular interactionshigh enough to allow for measurements at temperatures
which in principle makes it possible to treat them withoutwhere the experimental results are unaffected by possible
resorting to the approximations necessary for materials thantermolecular couplings and on the other hand it is low
have, e.g., collective magnetic interactidrfsThe discovery —enough to allow to measure, e.g., magnetization steps with
of the HDVV Hamiltonian and crystal-field theory stimu- experimentally accessible magnetic fields.
lated the development of the effective spin Hamiltonian for- We should point out that th2x 2] grids also evoke con-
malism by Abragam, Pryce, Stevens, and otfewich has  siderable interest as potential molecular building blotks
been proved to be a very successful semiempirical theory tthey allow for a derivation of the ligand end groups making
interpret experimental data of polynuclear complexes, a# possible to functionalize the grids with respect to their film
well as other magnetic materials. However, a calculation oproperties, their transferability and arrangements on inter-
even prediction of its parameters from the crystal structure ofaces, et¢! For example, recently it has been shown, that
the complexes still appears to be a difficult t48K.Never-  ordered thin films and even monolayers of grids can be trans-
theless, the present theories of superexchbagesuccessful ferred to various substratés!® which is an important con-
in interpreting various magnetostructural correlatibfAgor  dition for a potential employment of the grids, e.g., as mo-
binuclear complexes, which are the systems investigatelbcular storage devices.
most thoroughly in this respect, considerable progress has In this work, we investigated the magnetization of the
been achieved in the last three decatiesn the case of supramoleculaf2x2]-grid structure with four Nit metal
complexes of higher nuclearity, which are of additional in-centers, denoted as I&x2], which is isomorphic to
terest as they are extended to higher dimensions, the quan@o{2x2]. We will show that the four Ni* spins are
tative theory is much less develop&@This is probably be- coupled by intramolecular antiferromagnetic exchange inter-
cause comparing theoretical with experimental results, it i€ctions. In order to demonstrate the effects of the antiferro-
not always easy to distinguish whether inconsistencies arismagnetic coupling, we also investigated the magnetization of
due to, e.g., approximations used in the theoretical calculaNi(terpy),, the mononuclear analog of the Nix2] grids.
tion or because the investigated system does not fulfill all th&Ve present a careful interpretation of the data in terms of the
simplifications assumed in the calculation. spin Hamiltonian formalism in order to establish convinc-

In a recent study, we demonstrated that properly designeishgly which of the various well-known possible exchange
self-assembled supramoleculg2Xx2]-grid structures con- terms are necessary to describe the magnetic behavior of
taining four C3" ions, denoted as C@x2], exhibit in-  Ni-[2x2].
tramolecular antiferromagnetic coupling of the four?Co So far, the crystal structure of the N2 2] grids has not
spinsi® To our knowledge, thE2x 2] grids represent the first been determined, so we refer to the crystal structure of the
experimental realization of a tetranuclear cluster with magisomorphic Cd2x2] grids}* It consists of four
netic centers arranged in a clear and simple square planhis(bipyridyl)-pyrimidine ligand$® and four metal centers
fashion. We believe that tH&x 2]-grid system is of particu- (Fig. 1), in our case Ni* ions. Each metal center is situated
lar interest as it represents an ideal quantum spin system in the crossing point of two ligands and is enclosed by six N
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The background signal of the plastic straw was found to be
below the resolution of the magnetometer.

For the powder samples the background signal of the
grease was corrected for in the following way. First the mag-
netization of a drop of grease put on the straw was measured
at 250 K and 1 T. From that, the magnetization of the grease
in the whole temperature and field range could be extrapo-
lated with an accuracy of 5%. Then the powder was fixed in
the grease. The signal of the grease was typically 30% of that
of the sample at 250 K, but could be corrected for with an
accuracy of 2.5%. At lower temperatures the accuracy of this
correction improves as the magnetization of the sample in-
creases. The weight of the powder samples was typically 2.5
mg and could be measured with an accuracy of aboutch0

The Ni{1X1] crystal could be fixed with a very small
amount of grease so that the signal of the grease was negli-
gible. The edges of the crystal could be aligned with an
accuracy of-5° parallel to the magnetic field. Magnetization
was measured for all three directions. The crystal weight was
3.64 mg.

In the case of the Ni2X2] crystals, first one crystal was

FIG. 1. (a Crystal structure of the C[2x2] grid. (b)  Selected by light microscopy. As the N2X2] crystals are
Bis(bipyridyl)-pyrimidine ligand withR;=H andR,=CHj. transparent, imperfections could be easily detected and we

believe that the chosen crystals were of excellent quality.
donor atoms in an almost octahedral geometry. In the CQhen, it was necessary to put the crystal directly from the
grid, the distance between the metal centers is about 6.47 Aolution into grease and to cover it carefully with the grease,
The average bond length from the N donors to the metabtherwise the crystal would have decomposed within few
centers is 2.14 A. The octahedron of the six N atoms surseconds. Therefore the sealing with grease was essential and
rounding each metal center exhibits a considerable tetragonal considerable background signal from the grease was un-
compression with a small orthorhombic distortion. The cor-avoidable. Its level has been estimated to be about 10—20%
responding bond lengths are about 2.03, 2.16, and 2.23 /f the signal of the sample at 250 K, but a more accurate
The positive charges are countered by eighf Réns. The determination was not possible. Therefore the data were not
grids were formed by self-assembly in methanol and inveseorrected for it. The crystal embedded in grease was then
tigated in acetonitrilg CH;CN) solution#?® Crystals were mounted on the straw and cooled down rapidly to 50 K. At
prepared by diffusion of methanol into a concentrated acetothese temperatures the crystals were stable for at least several
nitril solution in a closed atmosphere yielding light brown days. After being measured, the crystal was crushed to pow-
rhombic crystals. The crystal axes were denoted with,c der directly on the straw and measured again. In this way the
in order to distinguish them from the molecular or magneticcontribution of the grease to the magnetization remained
axes, respectively, denoted kyy,z. It is evident from the equal for both measurements and the small anisotropy of the
shape of the crystals that theaxis andz axis coincide. magnetization typical for Ni* ions could be investigated
Powder samples were prepared by air drying the crystals. reliably. In several cases the crystal could be rotated without

We also performed measurements on the mononucledireaking to a second orientation before being crushed. Fi-
analog of the Ni2x2] grids, the Niterpyridyl,(PF;), com-  nally, the weight of the powder and grease mixture was mea-
plex, denoted here as NI-x1]. This is the obvious system sured. Following this procedure, five crystals were investi-
for comparison as the Rii ions have the same chemical gated. The weight of the crystals was typically 20. Thec
environment and coordination to the ligands, but are notixis and theab plane of the crystals were aligned with an
magnetically coupled. For synthesis, a method analogous t@ccuracy of+5° parallel to the magnetic field. Treeandb
that for the Nif2x2] grids was used® The crystal structure axes could not be distinguished.
reveals a tetragonally compressed octahedral arrangement of The diamagnetic contribution of the ligands was deter-
the six N atom¥ due to the stereochemical demands of themined  from  measurements of ¢&x2] and
ligand® The Ni-Npya bond length is 2.02 A and the Cd(terpy),(PFs),. For both complexes we obtainegy
Ni-N gisto; bONd length 2.14 A. Using the method described in=—0.6(=0.1)X 10~ 3 ug/(spin T) in fair agreement with an
Ref. 16, orthorhombic crystals were obtained. The crystalloestimation using Pascal’'s constants. However, we did not
graphic axes and the magnetic axes, respectively, should coerrect the data for it. Instead, the temperature-independent
incide with the crystal edges. contribution was determined from the magnetization at high

The temperature and magnetic field dependence of theemperatures.
magnetic momenin(T,B) was measured with a commercial  In this work we usewg/spin, the number of Bohr mag-
superconducting quantum interference device magnetometeetons per metal ion, as unit for the magnetic moment. For
(Quantum Design The temperature range was 1.9-250 Kthe [2X2] grids, 1 wug/spin corresponds to 22 340
and the maximum field 5.5 T. The powder and crystalcm® G mol ! and for the{1x 1] complexes, 1 ug/spin cor-
samples were fixed with apiezon grease on a plastic strawesponds to 5585 chG mol ®. In the case of the powder

@
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@) 2o Ni[1x1] powder and 77 K, Judge and Bak8robtainedux=3.09 at 250 K

’ and ue=3.00 at 150 K, in reasonable agreement with our
result. At lower temperatures a clear deviation from the Cu-
rie law was observefinset of Fig. Za)]. This is attributed, as
usual, to the presence of a zero-field-splitti€fS). The
Ni-[1Xx 1] system can be described by the well-known effec-
tive spin HamiltoniaA' =2

v T (uB/spin T-1 K)

m (pB/spin)

H=D(S;~ %) +E(S{~S)) + #89aB.S.—3Xx0B% (1)

with S=1.D, E are the ZFS parameters, are theg factors,
and y, is the temperature-independent susceptibility. In the
following, «, 8=X,y,z and summation over repeated indices
®) T (K) is applied. Using conventional least square fitting algorithms,
20 we obtainedD=-8.775K, E=0.168 K, and g=2.095,
]+ m(7. B=const) where y, was held constant. The calculated curves using
1e m(T=1.9K,B) these parameters are shown as solid lines in Fig. 2, demon-
1.5 strating the quality of the fit in the whole temperature and
magnetic field regime. However, similar results were ob-
] 0.50 tained with slightly different parameters being abdut
1.0 —9K, E=~0K, andg=2.1.

In view of the tetragonally compressed octahedron of ni-
trogen atoms surrounding the®iion, D>0 should be ex-
pected from ligand field theor¥;?*in contrast to the experi-
0.00 ¥ ~ mental result. The reason for this discrepancy is unclear. All

oo0d , 00 __od _ 02 attempts to reproduce the experimental results vidth O
0.0 0.5 1.0 1.5 2.0 were unsuccessful. Henke and Reiffeperformed ESR
X = p BT measurements on [{erpy),Br,. As they did not observe a
signal even for 35 GHz and 4.2 K, they concluded, in view

FIG. 2. (a) Temperature dependence of the magnetic moment opf the geometrical arrangement of the nitrogen atoms, that
Ni-[1Xx1] powder. Magnetic fields were 0.5, 1, 2.5, and 5.5 T fromp > 4 5 K. However, with the magnetic field configuration
bottom to top. The inset showgT obtained from the magnetic g B, usually used in ESR experimentsAd = 2 transition

moments at 1 T(b) Magnetic moment of N[1x1] powder vs the ¢ tqrhidder™ 2 and we suppose that the result of Henke and
reduced variablex= ugB/kgT. The same data being presented in Reinen is also consistent with< — 4.5 K

panel(a) is indicated by closed circles. The result of a field sweep In order to confirm our result of the powder measure-
measurement at 1.9 K is assigned by open circles. In both panel P

S . . .
solid lines represent a fit to the data using the Hamiltonian(Eq. ments, we investigated a WI-x1] crystal. Figure &) ShOW§
(see text t_he temperature dependence )@T f(_)r several magnetic
fields applied in two different directions. The data for the

and Ni{1x1] crystal samples, the number of metal ions wasthird direction has been omitted for clarity. The axis of high-
calculated from the measured weight and the moleculaest anisotropy has been denoted watlrigure 3b) presents
weight of the complexes including metal ions, ligands, andhe field dependencies of the magnetic moment for all three
counter ions. For the powder samples these values might déeld directions afT=1.9 K. Figure 3b) immediately dem-
several percent too low due to residual solvent and watenstrates that the ZFS paramel®has to be negative since
The Ni{2x2] crystal measurements have been calibrated byn, clearly exhibits a first order magnetic moment, and that
comparing the magnetic moment of the crushed crystals withas to be almost zero sinage, and m, are almost equal.
that of the powder samples at 50 K. Here,m, meansm(B|z) and analogous fom, and my. In

In Fig. 2(a) we present the temperature dependence of th&ig. 3 calculated curves fdb=—-9K, E=0, g=2.15, and
magnetic moment for Ni1X1] powder measured at several x,=0 are also shown as solid lines. Tgdactor is slightly
magnetic fields. In Fig. ®) the same data together with the larger than that obtained for the powder samples. The agree-
results of a field sweep measurement at 1.9 K is plotted asent of calculated and experimental curves is not as good as
function of x=ugB/kgT. Here, kg denotes the Boltzmann in the case of the powder. However, it should be noted that
constant. Above 50 K the temperature dependence is wethe discrepancies are not due to an incorrectly ch@senE.
described by yT=C+ xoT [see inset of Fig. @], Otherwise, the maxima seen in the upper twpcurves of
where y=m/B and C=1.97ug/spin T K, xo Fig. 3@ and the field dependencies wf, and m,, respec-
=—0.3x 10 3ug/(spin T). Taking into account the diamag- tively, shown in Fig. 8b) would not be reproduced. Instead,
netic contribution of the ligands, a temperature-independerthe discrepancies arise because the absolute values of the
susceptibility of about 0.810 3ug/(spin T) is left which  magnetic moment do not match. This might be explained by
we attribute to an incomplete correction of the grease. Fronthe following two arguments.
the Curie constant the g factor and the effective magnetic (1) At higher temperatures the calculated values rfgr
moment are determined to p=2.1 andu.=2.97. For are lower than the experimental ones, while thosenfgg,
Ni(terpy),Br,, Hogg and Wilking® obtaineduc¢=3.1 at 293  are higher. Herem,y, is used to refer tan, or m,. This

m (pB/spin)

0.25 -
0.5
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(@ Ni[1x1] crystal where the meaning of,, is obvious. AsA<0 for Ni2*,2
g,>0yy demands foD <0 and vice versa. The experimental
observation thag,> gy, thus further confirms that indeed

D<0. In view of the fact that ligand field theory suggests a

< B8 Q8 6pooo0no wrong sign forD as discussed above, it might be argued that
N oo Eq. (4) also does. However, this is not true as the ligand field
£ enters in the above equations only ig;. In some sense,
2 the interplay between ZFS parameters gridctors is mainly
2 s Bz determined by the orbital part of the wave functions and is
~ o Bl correctly reproduced by E@2). In contrast, the actual split-
= 557 calc. ting pattern of the energy levelsvhich determines the sign
' of D) calculated from the geometrical arrangement of the
00 A 70 oo 0 50 ligands is highly sensitive to the radial part of the wave

(b) T (K) functions®* From the magnetic moments at 50 K the anisot-
ropy of theg factor has been estimated t3/g,,=1.025
and, usingy=2.15,9,—g,,=0.05. Equation(4) then yields

a surprisingly reasonable value for the spin orbit coupling
constant\ = — 250 cni 1.24 The ligand field splitting param-
eterDq was found to be 1250 cnt for both Nitterpy),Br,
(Ref. 29 and Niterpy),(ClO,),.*® The g factor calculated
from g=2—-8A/10Dq (Ref. 21 is g=2.16, in fair agree-
ment with our result.

(2) At lower temperatures the relationships are inverted.
Now the calculated values fan, are higher while those for
m,,) are lower than the experimental ones, indicating that
either the magnetic fields were not aligned perfectly parallel
to the principal axes or, most likely, that the crystal investi-
gated was not absolutely perfect. It is clear that the reduction

FIG. 3. (@) Temperature dependence pT of a Ni{1x1] crys-  of m, and the enhancement ai, ), respectively, will be
tal with the magnetic field parallel to treaxis (open squargsand  more pronounced the higher the ratig,/m,, is. In Fig.
to thex axis (open diamonds Magnetic fields were 0.5, 1, 3, and 3(a) it is seen that at lower temperatures the calculated
5.5T from top to bottom for each field directiofn) Magnetic field  curves for 5.5 T fit the experimental data significantly better
dependence of the magnetic moment of dNk1] crystal at LOK  than at lower fields. Indeed, at, e.g., 0.5 T the ratigm,,
with the magnetic field parallel to theaxis (open squargsto thex  js about 3.25, while at 5.5 T it is only 1[&ee Fig. 8)],
axis (open diamonds and to they axis (open circles In both  gypporting the above suggestion. At higher temperatures
?Bn(eslz,estc‘)al)lg Igae; rrsgtr:rsse\r,lvte? i'T;aEO”Elf'o“ggtgez.'i'gm;;%;‘(':” Eomz/mx(y_) is again close to 1. It has been explained above that
v ' ' ' the deviations in this regime arise because the anisotropy of
=0. the g factor was neglected in the calculation. But the discus-
, sion in this paragraph indicates that the above estimation of
suggests an anisotropy of tigefactor, such thag,>gxy)-  the g factor anisotropy might be too small.

Indeed, this is expected B<0 as is seen from the well- For Ni{2x2] powder, the temperature dependence of the
known effective >hin Hamiltonian derived for a singlet or- 5gnetic moment measured at several magnetic fields is pre-
bital ground staté" sented in Fig. &). The same data converted ¥d is shown

in Fig. 4(b). The inset of Fig. &) depicts the magnetic field

H=—N\?A5S,Sp+ 1a(28,5~ A\ op)B,Ss. (2 dependence at 1.9 K. In contrast to [Mix1], the tempera-

ture dependence of the magnetic moment off 2i-2] re-
where\ is the spin orbit coupling constant antl,z is @  veals a maximum at13 K indicating an antiferromagnetic
tensor determined by the properties of the ligand ffélth  coupling of the four N&* ions within a grid. Indeed, the
the principal axis system this Hamiltonian can be written A%alculated r‘?Cur\/es according to the isotropic exchange

Hamiltonia

m (pB/spin)

H=AS(S+1)+D[S.-3S(S+1)]+E(S;~S) ,
+ 189aB.S, (3) Ho=Hart 2, (#89.B.Sa=3x0B%), ()

It is clear that since\ ,; enters in the ZFS parameters as _
well as in theg factors, refations between both exist. That is, Har=—J(S1- 5+ S-S5t 55-S4+5-Sy), ©)
the g factors can be expressed in termsfofD, andE (and  with J=-8K, ¢=2.05, and yo=—0.3x10 3ug/
A). In particular, restricting ourselves to tetragonal symmetry(spin T), reproduce the data well. This is demonstrated in
for simplicity one obtains the equation Fig. 4. Only at the lowest temperatures significant deviations
occur, as is most clearly seen in the inset of Fig)4and
9;—0Oxy=2D/\, (4) much of the following discussion will deal with the origin of
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FIG. 5. (a) Temperature dependence of the magnetic moment of

FIG. 4. (a) Temperature dependence of the magnetic moment oNi-[2X2] crystals with the magnetic field parallel to tizeaxis
Ni-[2x 2] powder. Magnetic fields were 0.1, 0.5, 1, 2, 3, 4.5, and(open diamondsand to thexy plane(open squargsrespectively,
5.5 T from bottom to top(b) Temperature dependence T of and for crushed crystalsolid circles. Magnetic fields were 1, 3,
Ni-[2x2] powder for the same fields as in pan@. The inset and 5.5 T from bottom to top. Lines are guides to the e¥g.
shows the magnetic field dependence of the magnetic moment &omparison of the temperature dependence of the magnetic mo-
1.9 K. In both panels, solid lines represent a calculation using thenents at 5.5 T for powder sampléslosed circles and crystal
Hamiltonian H,, (see text Parameters werd=—8K, g=2.05, samples(open diamondsof Ni-[2X2]. The solid line represents a
and yo=—0.3x 10 3ug/(spin T). calculation using the HamiltoniaH,, (see text Parameters were

J=—-8K, g=2.05, andyo=—0.3x 10 3ug/(spin T).

this discrepancy. The obtainagl factor is significantly to
small, but this is attributed to a possible overestimation oiviation from data belw 5 K is evident. In view of the an-

the number of metal ions in the samples. isotropy and this deviation it is obvious that the isotropic
Figure 5a) presents the temperature dependence of thexchange Hamiltonian needs to be supplemented.
magnetic moment of Ni2X2] crystals, exhibiting a clear In the following we will consider several contributions: a

anisotropy of the magnetic moment for fields applied parallekingle ion anisotropy expressed in terms of a ZFS am a
to the c axis of the crystal and perpendicular to it. Within factor anisotropy, a very weak amount of impurities possibly
experimental error no anisotropy in tta plane was ob- present, a next-nearest-neighbor coupling, and the various
served. As for the case of Nli:x1] the axis of highest an- exchange terms derived for coupled ions with a singlet or-
isotropy has been assigned withand the corresponding bital ground state, i.e., anisotropy exchange, antisymmetric
magnetic moment witim,. The magnetic moment for fields exchange, and biquadratic excha§® The importance of
perpendicular to the axis will be denoted byn,, and that of  each term was investigated using the following procedure.
the crushed crystals bym). The three curves fam,, m,,, First, the susceptibility (T) obtained from the powder mea-
and(m) cross each other in one point a10 K. This fact surements at 0.5 T was fit to the average susceptibility cal-
provides further support that any anisotropy in #eplane  culated numerically from the corresponding Hamiltonian us-
must be very small, since withy)=3(xx+ Xyt xz) and ing standard least square fitting algorithms. Then, the
Xxy—cosz(¢)xx+sm2(¢)xy it is easily seen tha{y)=x, magnetic momentsm,(T,B), m,(T,B), and (m(T,B))

= Xxy IS equivalent toy,= x,. Here ¢ denotes the experi- were calculated for all fields using the obtained parameters
mentally unknown angle of the magnetic field in tab  and compared with the crystal measurements. For clarity we
plane. Figure &) demonstrates the good agreement of theonly present the curves at a field of 5.5 T. A comparison of
measurements of the crushed crystals and the powdexperimental and calculated curves at this field, at which the
samples. For comparison, the calculated curve according tmagnetization already clearly deviates from lineafitge in-
Egs. (5) and (6) is also depicted. The above-mentioned de-set of Fig. 4b)], is more advantageous than a comparison of
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the susceptibilities, as this allows us to not only check the (a)
temperature dependence but also the correct magnetic field . o Blz
dependence. The temperature independent susceptibjlity
was always set tqo=—0.3x10 3ug/(spin T). If a g-factor

anisotropy was allowed fog,, andg, were determined such

that the averagg factor(g)=[5(2g%,+92)]¢"*/? remained
equal to 2.05), and theg factors were held constant during
the fitting procedure. In order to test the significance of our
results we took into account an additional contribution to the
magnetic moment due to impurities. We assumged.1 and
S=1, appropriate for Ni*. The impurity density was pa-
rametrized by the molar fractiop. The results were as fol-

m (pB/spin)

lows. o 10 20 30 40 50
(1) Single ion anisotropy The results on Nj1x1] (b) T®

strongly suggest the presence of a ZFS il 2#2] as well. 0.4 P — -

Indeed, ag-factor anisotropy alone cannot reproduce the o 5 z

crystal data, especially the crossing point=at0 K. The ] Say ey 0 By My

various exchange terms are known to be streiid are thus 0'3'_ ’ =m>

hardly believed to explain the anisotropy. Thus, the terms &

describing a ZFS definitely need to be addedtg. From @ 02l [ =-824K]

the similarity of the geometrical arrangement of the Natoms  =* | § p=.6.12k

in both Ni{1x1] and Ni{2x2], it is expected thab should c 1 & lo=000344]

also be negative for Ni2x2]. Indeed,D<0 can be directly 0.1 ; g =2023

inferred from the fact that at higher temperatures>m,, 1¢ *

holds[Fig. 5a)]. Using the high-temperature expansion for ] 9=21°4

the susceptibility of Eq.(1) to second order in T/, the 0.0 : ———

condition x,>x,, can be rewritten asg?(l—%D/kBT) 0 10 ° (K) 30 40 80

>gg,(1+D/kgT).?H?" Taking into account Eq(4), it fol- .
lows thaty,> xx, is equivalent D <0. This argument still _ FIG. 6. Temperature dependgnce of the magnetic moment of
holds in the presence of exchange couplings. Concerning tHy-[22] crystals with magnetic field parallel to tieaxis (open
ZFS parameteE, the experimental results might allow for a i2mondsand to thexy plane(open squargsrespectively, and for
small ab anisotropy, bu€E should not exceee=1 K. In our cru;hed crystalésolid circles. Lines represent. fits using the Hamil-
calculations we found that such a sm&lhad almost no tonuanHeerHz_Fas (see text Parameters are given in the panels and
influence on the magnetization in the experimentally acces)-(r_o'3>< 10" ug/(spin .

sible range, while largele worsened the agreement between
data and calculation. Therefofe can be safely neglected.
Thus, the ZFS adds a tefm

excellently described for temperatures above 5 K. However,
the typical curvature beld 5 K is no longer reproduced.
This was found generally if impurities were allowed for. An
impurity density of 0~0.35% is reasonable. A refinement
H _2 [D(S,)?—2 7 considering only theg-factor anisotropy did not lead to an
ZFST & Si2)"—3 () improvement, although the calculated values fog, of
course shifted to lower values. However, at the lowest tem-
to the Hamiltonian Eq(5). The result of a least square fit for Peratures, the calculated values foy still remained almost
the HamiltonianH = H,+ H¢s is depicted in Fig. @&). The  Zero so that the deviation of the theoretical cglculated curve
g factor was taken to be isotropic, i.@,=g,y, and impu- for (m) and the crushed crystal data actually increased.
rities were neglected, i.e@=0. The obtained parameters  (2) Next-nearest-neighbor exchange our knowledge, a
wereJ=—7.55 K andD = — 10.70 K. The experimental data Next-nearest-neighbor interaction has not been observed so
is not perfectly reproduced, but the temperature dependend@r to be relevant in interpreting the magnetization of clus-
of the calculated curves resembles that of the experiment&rs. Nevertheless, for completeness we considered this term,
ones. Especially, the typical curvaturerof, and(m) below ~ Which in our case is written as
5 K is obtained which was not described by the isotropic
exchange Hamiltoniahl ., [Fig. 5(b)]. This curvature will be Hun=~Inn(S1 S5t Sz Sa)- (8

important in th_e foll(_)wing, because if it is not _reproduced bY\we also could not find any indication of its importance, since
theory then this indicates that the magnetic field dependenggcy,ging H,,,, in our calculations did not result in any sig-
is not correctly described. A=50 K the calculated curves nificant improvements.

are less _spread than the measured curves, indic_atigg a @ Anisotropic exchangelhis exchange adds a term
factor anisotropy of the forng,>g,,, which in fact is ex-

pected from Eq(4). Thus_, we tngd to r.e.fme the fit by sgttlng Ha=D3S, S~ ls. S 9)
d,—0xy=0.08 and allowing for impurities. The result is de-

picted in Fig. §b). The parameters were found to Be to the Hamiltoniarf. Here, summation over i(j)
—8.24 K, D=-6.21 K, andp=0.344%. The data are now =(1,2),(2,3),(3,4),(4,1) is applied. Due to the large dis-

4
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FIG. 7. Temperature dependence of the magnetic moment of (b)
Ni-[2X2] crystals with magnetic field parallel to treaxis (open

diamond$ and to thexy plane(open squargsrespectively, and for 1 o Bliz e m,

crushed crystalgsolid circles. Lines represent a fit using the PO e Bixy  ----- m

HamiltonianH ¢, + Hzest+ Ha (See text Parameters are given in the 0.3
panel andy,=—0.3X 10 3ug/(spin T). .

c

Q
tance of 6.5 A between the i ions, a contribution of the L, 02
magnetic dipolar interactiérto the anisotropic coupling can 2
be neglected. Thus, the anisotropic coupling is of orbital na- €
ture and its magnitude has been estimated to 0.1
D, (Ag/g)2J.5282° However, it has been pointed out that 1% 19,2023
this estimation might also be completely wrdhitting the 1 g9,=2.104
powder susceptibility to the Hamiltoniai =H g+ Hzgg 0.0 - - - T—
+H, with an isotropicg factor and impurities neglected, led 0 10 20 ; (K) 30 40 50
to unreasonably high values fdd;. More seriously,m, .
<m,, was found in the whole temperature regime, in com- FIG. 8. Temperature dependgnce of the magnetic moment of
plete disagreement with the experimental observation. HowNi-[2X2] crystals with magnetic field parallel to treaxis (open
ever, allowing for the presence of impurities but still taking 9i@mond$and to thexy plane(open squargsrespectively, and for
an isotropicg factor, a reasonable fit could be obtained, aScru.shed crystal(ssolld, circles. Lines represent fits L.Jsmg.the Hamil-
shown in Fig. 7. We obtained= —8.31 K, D,=—1.21 K, tonianH g, + HstJr_l'; (see _tex)‘. Parameters are given in the panel
D=-8.85K, andp=0.346%. The agreement with data is andxo=—0.3x10""ug/(spin ).
quite good, but the following objections have to be madeye taken into accout? In fact, the HamiltoniarH = H,,
First, the specific curvature belo5 K is not reproduced. +Hyee+H’ led to the best fits of the powder susceptibility,
Second, the ZFS paramef@rclearly demands for g-factor  jregpective of whetheg-factor anisotropy and/or impurities
anisotropy [see Eq.(4)]. However, with, €.9.9;~0xy  were included or not. The curves faf=—8.37K, J’
=0.05 the agreement is considerably worsened. Finally, in. g g5g K, andD = —9.22 K with an isotropicg factor and
view of the above estimate, the magnitudeXfseems to be  \yith impurities neglected are presented in Figa)8The ex-

p =0.00127

o
¢
o;
o
<!
of

somewhat too high. _ _ cellent agreement between powder or crushed crystal mea-
(42)8A2\nt|symmetr|c exchang@his exchange term is of the g, rements, and calculated values is evidentand M,y are
form™ not reproduced as well, but the deviations are mainly due to

S 0 the neglectedg-factor anisotropy, indicated by the lower
Kij- (§X§), (10 spread of the calculated curves-ab0 K. The best fit was

with the same summation convention as before. Howeve@btained by including-factor anisotropy and impurities, as
Kj; is identical to zero if the paramagnetic centers are re|ategemonstrat,ed in Fig. (B). The parameters wereJ=
by a symmetry elemeft®® Indeed, the symmetry of the —8:42K,J'=0.508 K,D=-7.98K, andg¢=0.127%. For
[2x2] grid is approximately G, , requiringK;; =0. Fig. 8b), g,—0y,=0.08 has been used, bgj—g,,=0.05

(5) Biguadratic exchangeBeyond the bilinear terms con- also led to an almost equally good fit. It should be noted that
sidered above, the biquadratic term is the most importari’® SPecific curvature balo5 K is reasonably reproduced.

higher-order term. It is of the forfn The biquadratic term was found to be the only term which
can describe the specific curvature bveld K even with im-
H'=J(S-S)? (11)  Ppurities included. Furthermore, using the Hamiltonikin

=Hegt+Hzest H' +Hy led toD ;= 0, demonstrating that bi-
with the same summation convention applied as above. Thguadratic exchange is more important than anisotropic ex-
magnitude of)’ is generally believed to be of the order of change. The only objection concerning the biquadratic term
1072J.531 Nevertheless, in magnetization and ESR experiwhich can be made is that the absolute valud’ofeems to
ments it often has been found that biquadratic terms shoulde somewhat too high. Uryand Friedberif showed that a



3284 O. WALDMANN et al. PRB 58

biquadratic term is not the most general quadrulinear extive spin Hamiltonian formalism appropriate for Ni ions,
change term. They considered the case of three couplegle were able to reproduce the measurements for both pow-
spins, and obtained an additional term der and crystal samples simultaneously. We presented a de-
tailed discussion of the various additionally possible terms
(515D (S $)+(S ) (S-S0 + (S5 S (S 52)212) which might contribute to the magnetization, i.e., single ion

anisotropy, next-nearest-neighbor exchange, anisotropic ex-

which they argued to be more important than the biquadratighange, antisymmetric exchange, and biquadratic exchange.
term. To our knowledge, their considerations have not beefne most important additional term was found to be the

extended to the case of four spins in a square planar arranggingle jon anisotropy, but significant indications for a biqua-
ment. In view of Eq.(12) we tentatively assumed dratic exchange were also obtained. For comparison, powder

n_ ) ) ) ) ) and crystal samples of the mononucleaftélipy,) complex
H'=01(515)(5 %)+ (5 5)(Se- S0+ (S6-S0) have been investigated. The results could be reproduced by
X(S4-S1)+(S4-S)(S1-S,) . (13)  taking into account a zero field splitting, confirming the

single ion anisotropy parameters obtained for thg 2H-2]
rids. We conclude that the NJ2x2] species represents an
Imost ideal model system to investigate magnetic interac-

UsingH"” we obtained results quite similar k', suggesting
that other quadrilinear terms than the biquadratic might b

actually relevant. However, without a detailed calculation ations in a discrete entity. We believe that supramolecular

hand it is not clear whether terms .Sl_JCh as, e'g'systems with a defined number of magnetic ions are suitable
(S1-52)(S3-Sy) need to be included, and it is difficult o ¢4 f,4re investigations, contributing to a deeper insight into

assess the significance of our results obtained-for molecular magnetic coupling mechanisms, and we hope that
. The.alpove d|§cu§3|on of NEx2] demonstrateg that _the this work will stimulate corresponding theoretical work.
isotropic interaction is aboult= — 8 K and that the single ion

anisotropy plays an important role, expressedioy — 8 K The authors wish to thank C. Reimann, W. Junker, and R.
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