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Abstract. A single crystal of the metal-radical complé¢kin(hfac)2}3(3R)2, where (3R) is

a trisnitroxide with a quartet ground state, was grown. The magnetization was measured
along the principal crystallographic axes in the range 1.8-300 K. The compound was found
to order ferrimagnetically afc = 45+ 1 K with collinear antiparallel alignment of the Mn and
(3R) magnetic spins along thedirection. The paramagnetic susceptibility was treated in the
quantum—classical approximation by taking into account the weak positive exchange interaction
between the Mrg) ions and one-dimensional ferrimagnetic -Mn(1)—(3R)-Mn(1)— - - - chains,

in which trimer molecules composed of one Mnénd two 1/2 spins of different triradicals can

be isolated. The anisotropy constants were evaluated and the anisotropy energy was estimated.
Anisotropy of the paramagnetic susceptibility, which can be detected up to 55 K, was observed.
The anisotropic effects are attributed both to the single-ion splitting of the Mn energy levels and
the dipole—dipole interaction between the magnetic spins.

1. Introduction

The study of compounds made up of one-dimensional (1D) ferrimagnetic chains is of
particular interest in the field of low-dimensional magnetism. Due to a non-zero net
magnetization, their behaviour in the ordered state resembles that of three-dimensional (3D)
ferro/ferrimagnets, at the same time showing in the paramagnetic state distinctive properties
inherent to antiferromagnetic-chain compounds, e.g., a minimupTiversusT at elevated
temperatures (Coronadet al 1993). Various bimetallic ferrimagnetic chains have been
reported on in the last few years (Ratial 1986a, b, 1987, 1988, Coronaeét al 1989,

1993). Among these compounds, those containing bimetallic manganese have the strongest
magnetic interactions due to the large (5/2) spin oPMrand they often show long-range
magnetic order. Since most of the magnetic molecular crystals have low magnetic ordering
temperatures, their magnetic anisotropy has been studied mainly by analysing the anisotropy
of the magnetic susceptibility (see Carlin (1986) and references therein)as2aimenar
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et al (1991) pointed out the importance of the single-ion mechanism in the two-sublattice
manganese chain compound Mn{&DTA) x 9H,O on the basis of measurements of the
angular dependence of the ESR spectra. Nevertheless, they mentioned that the single-ion
mechanism alone cannot account for the anisotropy of the magnetic susceptibility of this
compound and some contribution from the dipole—dipole interaction was also assumed.

. N 3R
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Figure 1. The structure of¥R).

Figure 2. Here we show the crystal structure of the three-dimensional metal-radical complex
{Mn(hfa0o)2}3(3R)2. The Ck and(CHgz)C groups are not shown, for clarity,, » andc denote
the orthorhombic crystal axes. The My@nd Mn@) ions are shown by filled circles.

Recently a number of new metal-radical complexes of bivalertMvith bisnitroxide
(2R) and trisnitroxide 8R) were synthesized and characterized (Inoue and Iwamura
1994a, b, Inouet al 1995, Inoue and lwamura 1996, Inoaeal 1996). They show rather
versatile magnetic properties depending on the chemical formula and crystal structure. While
the {Mn(hfag,}(2R) complexes with the biradicalPR) form one-dimensional chains and
order ferro/ferrimagnetically at low temperature5.5 K (Inoue and Iwamura 1994b, Inoue
et al 1995), the three-dimensional compouidin(hfac),}3(3R), where BR) is a trig3-tert-
butyl-5(T-oxy+tert-butylamino)phenyitroxide triradical (see figure 1) has a comparatively
high Curie temperature of about 45 K and a high value of the low-temperature spont-
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Figure 3. Magnetization curves of théMn(hfac2}3(3R)2 metal-radical complex at different
temperatures. The inset shows the temperature variation of the magnetizafibr=at0 Oe
aroundTc.

aneous magnetizatioMs (9 ug/f.u.) (Inoueet al 1996). This complex crystallizes in an
orthorhombic system witlPrnn2 space group and molecular formula gs018NsCgeHoo
(Z = 2). A fragment of its crystal structure is shown in figure 2. The oxygen atoms
of the terminal nitroxide group of the triradicaBR) are ligated to two manganese ions
(1a and 1b) to form a 1D chain in thebc-plane of the crystal. Mn ions are attached to
two nitroxide oxygens from two different triradical molecules itrans-disposition, so the
trisnitroxide molecules are in a zigzag orientation along the chain. The middle nitroxide
group of the ligand molecul8R) in the chain is used to link the adjacent chains extended
in the b/—c diagonal direction through a third Mh ion (2). The two nitroxide oxygens
are in acis-configuration and the two chains are bridged with the intersecting mean angle
of 54.4° establishing a parallel cross-shaped 3D polymeric network.

Magnetization measurements have shown that {tla(hfac),}3(3R), complex has
a considerable magnetic anisotropy possibly of a uniaxial type (Inoue and lwamura
1994b, Inoueet al 1995). However, the study of the anisotropic characteristics of
{Mn(hfacg),}3(3R), and, in particular, a determination of the anisotropy energy along
different crystallographic orientations was not performed in this work. An important problem
connected with this complex consists in the determination of the relative strengths of
different exchange interactions which specify its temperature-dependent magnetic properties.
With the aim of investigating the magnetic properties{®(hfac),}3(3R),, in this work
a single crystal of this complex was grown and its magnetization was studied along the
three principal axes below and above the Curie temperature. From analysis of these
data, the exchange interactions and anisotropy constants were evaluated; different sources
contributing to the anisotropy energy are then discussed.
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2. Experimental details

The single crystal of thgMn(hfac,}3(3R), complex was grown by the evaporation
technique in a solution ofi-heptane, diethyl ether and small amount of chloroform at

0 °C (Inoueet al 1996). The crystal structure was measured by using a Rigaku AFC7R
diffractometer with graphite-monochromated Me Kadiation and a 12 kW rotating anode
tube. The lattice parameters were found to take the valued 7.82(1) A, b = 24.367(4) A

and ¢ = 12522(2) A. The magnetization measurements were performed in a SQUID
magnetometer MPMS-7 over the temperature range 1.8-300 K and in fields up to 7 T. The
magnetometer was equipped with a rotation mechanism, which allowed us to rotate the
single-crystalline sample during the measurements.
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Figure 4. The temperature dependence of the spontaneous and sublattice magneti#ations
Mwn and M3g (for the calculated dependences, see the text) and inverse paramagnetic suscept-
ibility of {Mn(hfac2}3(3R)2.

3. Experimental data

In figure 3 the magnetic isotherms are shown for {iMn(hfac),}3(3R), complex at
different temperatures in the magnetically ordered region measured along the easy axis
c. They are characterized by very narrow hysteresis and a monotonic decrease of the
saturation magnetization. The low-temperature value of the saturation magnetization,
8.9 ug/f.u., corresponds well to a collinear ferrimagnetic structure if one takgs= 5 us
and usr = 3 up. This confirms the spin states of ¥ (5/2) and trisnitroxide (3/2)
established earlier (Inouet al 1996) as well as the collinear ferrimagnetic structure of
{Mn(hfac),}3(3R),. The temperature dependence of the magnetization traced at a constant
field of 10 Oe changes sharply at 451 K (see the inset in figure 3), which was identified
as the Curie temperature.

In figure 4 we show the temperature dependence of the spontaneous magnetizgtion,
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Figure 5. Magnetization curves diMn(hfac;}3(3R); at 1.8 and 25 K along the three principal
crystallographic axes.

of {Mn(hfa0,}3(3R),. The values of\/s evaluated from the measurements along different
axes were equal to each other, i.e. no anisotropy of the saturation magnetization is observed.
As can be seenVs falls monotonically with increasing temperature. This dependence does
not follow the Brillouin functionBs,» expected for simple 3D ferromagnets if one assumes
each M ion to be antiferromagnetically coupled with the two 1/2 spins of different
triradicals to form basic molecular species wihk= 3/2. In fact, Ms falls even faster than
Bso(T).

Within the range of application of the 3D approximation for the magnetic interactions,
it is also possible to consider the net magnetization as a difference between the Mn and
(3R) radical sublattice magnetization®s(T) = Mun(T) — M3r(T). Assuming that the
temperature dependence of the Mn-sublattice magnetization follows the Brillouin function
Bs/»(T), the sublattice magnetization of the nitroxide triradical species can be written as
M3r(T) = |Ms(T) — 15Bs,2(T/ Tc)|, whereTc is taken as 45 K. The temperature variation
of M3r evaluated by using this equation is depicted in figure 4 together with the Brillouin
function Bs;»>(T) normalized to 15ug used for the Mn sublattice (dotted lines). The
magnetization of the3R) sublattice thus obtained increases with the temperature increasing
from 1.8 K and passes over a maximu4 ug) at 15 K. This is inconsistent with the
low-temperature value Gg. The next simple approach, usir8,, for the temperature
dependence of the8R)-sublattice magnetization, gives a monotonic temperature variation
for Muyn(T), although distinct fromBs,> (solid lines in figure 4).

The temperature dependence of the inverse susceptibjlity, of {Mn(hfac),}z(3R)
shown in figure 4 varies non-linearly up to the highest temperature measured, i.e. does
not follow the Curie law, and neither does it show the negative curvature expected for 3D
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ferrimagnets (the Bel law).

In figure 5 the magnetization curves along the three principal crystallographic axes are
presented for thgMn(hfac),}3(3R), complex. As can be seen, theaxis is the hard
direction of magnetization, and the-axis corresponds accordingly to the intermediate
direction. This hierarchy is retained up to the Curie temperature.

4. Discussion

4.1. Determination of exchange interactions

The exchange interactions determining the isotropic magnetic properties of the
{Mn(hfac),}3(3R), compound were evaluated from analysis of the temperature dependence
of the paramagnetic susceptibility. All of the attempts to describe this dependence within the
framework of 3D ferromagnetic or ferrimagnetic models by combining different magnetic
sublattices made up either from Kfhand @R) molecules or 1/2, 5/2, 1/2) species formed
by Mn?* and nitroxide groups were unsuccessful. This accounted for the effect of a
magnetic low dimensionality that theMn(hfac),}3(3R), compound exhibits at least in
the paramagnetic region. Although this complex forms a well defined three-dimensional
network with respect to the chemical bondings, the spin—spin couplings betweenavid
triradical species can be different along different directions, which can in turn modify the
paramagnetic behaviour gf(T) substantially in the temperature range below 300 K.

The paramagnetic susceptibility g¥in(hfac),}3(3R), was examined by using a model
in which the triradicals were assumed to form 1D ferrimagnetic chains with th&)Nor(s in
the positionsla and1b (figure 2), while the Mn®) ions in position link them through the
exchange interaction with the middle nitroxide group 8R]). This assumption means that
the exchange interaction between Mhénd the terminal nitroxide group is substantially
stronger than the interaction between néand the middle nitroxide group oBR). A
similar chain compound, equimol@iMn(hfac),}(3R), made up of bivalent manganese and
nitroxide triradicals is known to show a magnetic one dimensionality (Ireius 1995).

In fact, the{Mn(hfac),}3(3R), complex is not a true 1D-chain compound because the
magnetic contribution of the M&J ions linking the--- —Mn(1)—(3R)-Mn(1)- - - - chains
can be neither neglected nor considered as a kind of paramagnetic impurity. Moreover, the
1D chains themselves have a four-spin periodicity which prevents one from performing any
exhaustive analysis by the use of existing analytical expressions derived for ferrimagnetic
chains with two-spin periodicity (Seiden 1983, Drillet al 1983, Verdagueet al 1984,
Pei et al 1988, Qiang Xuet al 1988, Coronadcet al 1989). Therefore the approach
applied to interpret the paramagnetic susceptibility{lfn(hfac),}3(3R), contains some
simplifications. The complexMn(hfac),}3(3R), was on the whole considered as a two-
sublattice ferrimagnet formed by isolated Mh({ons and--- —Mn(1)—-(3R)-Mn(1)— - - -
chains with a positive intersublattice exchange interaction. Then, in the molecular-field
approximation the low-field paramagnetic susceptibility of this compound can be written in
the conventional form

(Cvn + Cen)T + CMnCch(z)\/ — AMn — )Lch)

2 2 (1)
T — (CMn)&Mn + Cch)\ch)T - CMnCch[()\) - )\Mn)\ch]

Xtot =

wherel’ is the intersublattice molecular-field coefficiehly, andic, are the intrasublattice
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molecular-field coefficients for the MBY and 1D-chain sublattices and

S°1g
Cwvn = N?SMn(SMn + 1) (2)

Ceh = xehT

are accordingly the Curie constants of the B)rdnd chain sublattices. In equations (1) and
(2) the intrachain exchange interaction is includedCin, which is hence a temperature-
dependent quantity described as ‘constant’ for convenience only.

In order to calculate the temperature dependenceydf, the- - - —Mn(1)—(3R)-Mn(1)—
--- chain was approximated by a model in which molecular species having stable spins in
the temperature region up to 300 K were isolated. According to the chain structure, two
possible configurations were considered:

(i) a ferrimagnetic $/2-3/2) chain formed of nitroxide radicals3R) with Sg = 3/2
antiferromagnetically coupled with M), and

(i) a ferrimagnetic 8/2-1/2) chain formed of the trimeric spin species made up of
one Mn() ion and two terminal nitroxide groups of different triradicalS;r = 3/2)
antiferromagnetically coupled with the middle nitroxide group s@ia= 1/2).

For the tentative analysis, the chain susceptibility was considered in the Heisenberg
classical—classical spin approximation by using the expression (Coratadd 989)

Nug 21U 1-U
3 \°"1-U °"1+U

where the following notation is used (all of the exchange interactions are represented in this
work in the form—27§;;):

3

(XehT ) classical=

T T
K = coth—O - —
T To
2J.
To = ( k°“)Jsl(Sl F1S:(S2+ 1)

1
8+ = 5(81+ 82) g =2y S8i(Si+1) (i=12

all of the other symbols having their usual meaning. Note that bigrds an effective
parameter for describing the intrachain NMp{(3R) negative exchange and will not be
considered as an exchange integral.

The least-squares fitting procedure used to fit equation (1) to the experimental data by
the use of the complete set of parametetsimn, Ach and 2/cn/k is rather questionable.
Therefore, the intrasublattice exchange interactions were set to zero for the preliminary fits.
This assumption is plausible since no exchange paths can be found for ti2-Mn(2)
and chain—chain interactions. Then the stability of the solutions was checked by letting
Amn and Ach vary freely. For the %/2-3/2) spin configuration no satisfactory fitting was
possible with negative values of/g/k and positiver’-values. In contrast, the3f2—1/2)
configuration gives a good fit fogt7T over a rather wide temperature range, 70-300 K,
with reasonable values of/g,/k and’, andiyn, = Ach = 04 0.5 K. The results obtained
on applying this procedure are listed in table 1.

The determination of the exchange interaction parameters foBthel(2) configuration
was finally carried out in the quantum—classical chain approximation by using the analytical
expression for the paramagnetic susceptibility of a ferrimagnetic chain derived by Seiden
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Table 1. Exchange parameters @Mn(hfac)2}3(3R)2 and {Mn(hfag2}(3R): the numbers of
nearest neighbours for the intersublattice exchange interactiofk 2are taken as 2 and 6,

respectively.

Model 2Jen/k (K) A (emumotl)  2J7/k (K)  Jr/k (K)
{Mn(hfag)2}3(3R)2

Classical—-classical-900+30 +594+0.4 +4.4 Str=3/2
Quantum—classica-520+ 20 +52+04 +3.9 Str=3/2
Quantum—classical-520+ 20 +5.1+0.4 +3.8 < —350
{Mn(hfag2}(3R)

Quantum—classical —80+ 10 0 0 —-135+ 15
Quantum—classica-100+ 10 —-2.6+0.3 —0.65 —120+ 15

(1983) (see also Coronaci al 1993):

Nu3 3
(XchT)qu = 37;8 {STR(STR +1+ 2
2
+ ————[SR(STR + D P(y) — STRQ(y) + 0.250%(y)] } (4)
1-P(y)

Herey = —2J.nStr/kT and
_ (A+12y Hsinhy — Byt + 12y %) coshy —y 1 + 12y 3

P -
) sinhy — y—1coshy + y-1
0y) = (14 2y~?)coshy — 2y ~tsinhy — 2y 2
V)= sinhy — y~Llcoshy + y-1
1 T T
{Mn(hfac),},(3R), .
3 ‘ i
S /K = - 260 K
= i
E
k) 207k = +3.8 K .
"-... H
=
0 } } } f
50 100 150 200 250 300

Temperature [K]

Figure 6. The temperature dependence of the progugt of the {Mn(hfac)2}3(3R)2 complex

in the paramagnetic temperature range. Open circles show the experimental data; the solid and
dashed lines were calculated for the fixed trimer sfin= 3/2 in the quantum—classical and
classical—classical approximations, respectively.
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The best fits were found near the zero values XQr and A¢, and the final fit was
again made with two variables. In figure 6 the calculated and experimental temperature
dependences ofit7 for {Mn(hfac),}3(3R), are compared. They are in good agreement
over a wide temperature range down to about 55 K. The parameters corresponding to
this procedure are given in table 1, too. The difference observed between the classical-
classical and quantum-—classical approaches is not surprising. According to the calculations
of Coronadcet al (1989), the solutions for the two models start to differ belbw 2| Jqh|/ k,
i.e. for {Mn(hfac),}3(3R), below about 250 K.

The results obtained show that thibin(hfac),}3(3R), complex is characterized by
very strong intrachain interactions. The possibility of isolating trimeric spin speti@s (
5/2, 1/2) in the - - - -Mn(1)—(3R)-Mn(1)- - - - chain indicates that the exchange interaction
between Mn{) and the terminal nitroxide group substantially exceeds the interaction energy
between the NO groups within th&R) radical, which is characterized by the exchange
integral 2/ /k = +480 K (Ishida and lwamura 1991).

4.2. The effect of intratrimer interaction

Due to the strong intratrimer exchange interaction, the model with a fixedialue appears

to be applicable over the temperature range up to 300 K. However, this approach will fail at
temperatures higher than the intratrimer interaction paramitgk. In order to reveal the

role of the intratrimer interaction in the temperature dependenge@, a fitting procedure

was carried out withst replaced by the effective moment of th&Z, 5/2, 1/2) trimer:

2 3k e T)
M1 = Ngzué XTr

in equation (4). The exchange interactions in this trimer can be described by the isotropic
spin HamiltonianH = —2J1(sy -+ S2 + S2 - s3). The eigenvalue€ (ST, S13) of this
Hamiltonian areE(3/2,1) = 7Jy, E(5/2,1) = 2/, E(5/2,00 = 0 andE(7/2,1) =

—5J7r (whereSt = S, + S13 and S13 = 51 + s13). From these energies the equation for the
molar susceptibility of the trimer moleculd/g, 5/2, 1/2) was found:

2,2 16+ Se—SJTr/kT +Se—7J-|—r/kT
Xn=NELEG 14 ) ®)
AT 4 4 3e5/m/kT 4 3 TIn/kT 2e12Jx/kT

and a fit of equation (1) to the experimental data was made. The temperature variation
of xwtT for the {Mn(hfac),}3(3R), complex appeared to be unaffected by the intratrimer
exchange interaction. In fact, a change of the fit parameters lies within the accuracy of the
procedure (see table 1). Henddy |/ k was estimated to be larger than 350 K.

In figure 7 the temperature dependenceg@fl’ calculated for{Mn(hfac),}3(3R), by
using different sets of the exchange parameters are extrapolated into the high-temperature
region. As can be seen, the presence of theZYiefromagnetic sublattice does not eliminate
the minimum in x7 expected for conventional 1D ferrimagnetic- or antiferromagnetic-
chain compounds. In contrast, the population of the excited states of the trimer makes the
minimum in x.t 7', Which is predicted to lie at about 500 K, more pronounced as compared
to the case of a stable biperiodical ferrimagnetic chain. The inset in figure 7 shows the
temperature dependence;d}, calculated for theX/2, 5/2, 1/2) trimer. The most prominent
change of the effective moment occurs in the temperature rartge: X7/|J¢| < 5. In
this range the effect of trimerization must be the most significant.

The 1D-chain compoundMn(hfac),}(3R) is an appropriate object for applying the
above approach to in order to display the effect of trimerization. In this compound, the
1D chains made up of Mf and triradicals 3R) are directly linked with each other by
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Figure 7. Here we show the high-temperature extrapolationefl’ versus temperature for the
{Mn(hfao)2}3(3R)2 complex calculated in different approximations jer7: quantum—classical,
Jrr/k = =350 K (1); classical-classicalit;/k = —350 K (2); quantum—classica$t = 3/2
(3); and classical—classicdlyy = 3/2 (4). The inset shows the temperature dependen(pe?rpf
calculated for the /2, 5/2, 1/2) configuration by the use of equation (5).

nitroxide groups (Inouet al 1995). It crystallizes in the monoclini£2; /c structure with
a=10137(3) A, b = 19.4265) A, ¢ = 27.187(7)A and 8 = 95.21(2)°. Below Ty = 11 K

a transition into a 3D antiferromagnetic state occurs in this compound. The high-field
magnetization value 2:g/f.u. indicates that the Mit (S = 5/2) and @BR) (S = 3/2)
moments within the chains are aligned antiparallel. In figure 7 the temperature dependence
of x T for {Mn(hfag,}(3R) is given. AtTyin, = 115 K the dependence shows a pronounced
characteristic minimum. Any attempts to fit equation (4) to the experimental curve by using
either 6/2-3/2) or (3/2-1/2) stable configurations were unsuccessful: fits cannot be made
either above or beloW .

Considering two different possibilities for trimerizatidii2—(1/2, 1/2, 1/2)-5/2 and1/2—

(1/2, 5/2, 1/2)-1/2, the latter configuration was found to describe quite well the experimental
data. The dashed line in figure 8 corresponds to the fitting procedure which neglects the
weak interchain interaction. It describes satisfactorily the experimental curve both above
and belowTy,n. By introducing the interchain exchange parameterthe agreement can

be substantially improved (the solid line in figure 8). The result of a three-parameter fitting,
although it cannot be considered as being unambiguously quantitative, shows that the low-
temperature behaviour ¢gfT obeys the above model as well. The exchange parameters of
{Mn(hfac),}(3R) are also listed in table 1.

Several factors can give rise to the difference in the strength of the intratrimer
and intrachain interactions found betwefvn(hfac)»}3(3R), and {Mn(hfac),}(3R). The
difference in the Mn)-O-N angles seems not to be dominant, as it favours more the latter
compound to have stronger exchange interactions. This will probably be of importance for
ions with L # 0. In {Mn(hfag}3(3R), the Mn(l)-O distances are however slightly shorter
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Figure 8. The temperature variation of the prodygti7 for the equimolar{Mn(hfac);}(3R)

complex in the paramagnetic temperature range. Open circles show the experimental data. The
solid and dashed lines show the temperature dependences calculated by taking into account the
effect of trimerization (respectively with and without interchain exchange interaction).

than in {Mn(hfac),}(3R): 2.10(1),& versus 2.14(1)5\. This is an isotropic mechanism,
which might be considered as being responsible for the observed regularity.

4.3. Determination of the anisotropy constants

The magnetic anisotropy dMn(hfac,}3(3R), appears to be not very high compared to
those of the other, metallic as well as non-metallic, magnetic compounds with zero 3d orbital
moments. A rough estimate, made on the basis of the area lying between the magnetization
curves along the easy and hard axes, shows that the energy associated with the anisotropy,
Ea, is more than one order of magnitude less than the total magnetic energy. H&nce,

can be expressed through the phenomenological anisotropy conkfarg expansion into

a series in the pola@) and azimuthak¢) coordinate angles of the magnetization vector

M (Franse and Radwanski 1993):

[o¢] n
Ej = Z Z K™ sin'" § cosme.
n=0 m=0
The number of the non-zero terms is limited by symmetry. For the case of orthorhombic
crystals the anisotropy energy takes the form

E4 = KiSinf0 + Kpsin0 + --- 4+ Ky sinf0 cos 2 + K,sin*6 cosp + - - - (6)

and must therefore be described in the second approximation using four anisotropy constants.
The angular dependence Bk can hence be calculated if the valueskgfare known.

The maximal anisotropy energy corresponding to the difference between the magnetization

processes along the easy and hard axes is in this notAtipa K1 + K> — K; — K5.
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Figure 9. The temperature dependence of the anisotropy constantMmofhfac),}3(3R),.
Dotted and dashed lines correspond to the temperature dependences approximﬁﬁqc{&s)
and M,%,I?, (K2 andK5) and normalized to 0 K, and the solid lines f&§ and K7 are normalized
Mg(T) dependencies (for details, see the text).

In this work, the anisotropy constants{®n(hfac),}3(3R), were determined in terms of
the Sucksmith—Thompson method by analysthgV versusM? plots along the intermediate
(¢ = 0) and hard(¢ = 7 /2) directions (Sucksmith and Thompson 1954). These plots were
found to vary linearly in the field regioil < Ha (Ha is the anisotropy field) with non-
zero slopes with respect to the? coordinate axis, indicating that the terms of higher
order than sifi¢ in equation (6) are negligible. In figure 9 the temperature dependences of
K; for the {Mn(hfag;}3(3R), complex are presented. They decrease monotonically with
increasing temperature without any changes in sign. The numerical values of the anisotropy
constants at the lowest temperature measured, 1.8 KKare- +3.2 x 10* erg cnt3,
K;=-20x 10 erg cn3, K; = +6.0 x 10° erg cn® and K, = —4.2 x 10° erg cnt3.

Several sources can contribute to the anisotropy of magnetic crystals. All of the models
relate the temperature dependenc& pfo that of the spontaneous magnetization. Numerous
data on different Mfi*-based compounds and radical complexes show that the Heisenberg
model dealing with isotropic exchange interactions describes well the magnetic behaviour
of these compounds (Carlin 1986). Hence, anisotropy of the exchange interaction seems to
be unimportant in th¢Mn(hfac),}3(3R), complex. In the magnetic compounds containing
atoms with a non-zero orbital magnetic moment, the crystallographic magnetic anisotropy is
considered to be caused by the single-ion mechanism. The source of this anisotropy is the
interaction of the non-spherical 3d, 4f or 5f electronic shells with the crystal electric field
via the spin—orbit coupling. The value of the anisotropy energy reachfes @erg cnr3
in f compounds and usually is substantially sma{ls*—10’ erg cnt®) in those based on 3d
elements (see, e.g., Franse and Radwanski 1993). The compounds with S fona/mée
and Gd*, with spherical magnetic electronic shells exhibit substantially lower anisotropy,
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Figure 10. The angular dependence of the low-field magnetizatiofiMirfi(hfac)2}3(3R), at
different temperatures in the paramagnetic region measured im¢herystallographic plane.

as in the first approximation the crystal field does not influence the orientation of their
atomic magnetic moments.

In the case of Mfi", the single-ion contribution appears in the second-order perturbation
theory only and should therefore be small. This hinders the analysis of magnetic anisotropy
in S-ion compounds since different mechanisms contributing to the anisotropy energy
become comparable and cannot be separated easily. In the circumstances, the magnetic
dipole—dipole interaction either between the Mrspins or between the Mh and @GR)
spins is a factor which cannot be neglected when considering the magnetic anisotropy of
{Mn(hfac),}3(3R),. Bivalent manganese has the highest spin moment, 5/2, among the 3d
transition elements, which favours a large strength of the dipole—dipole interaction.

Some conclusions about the nature of the magnetic anisotropiothfac),}s(3R)2
can be reached by considering the temperature dependence of the anisotropy constants.
In crystals with uniaxial anisotropy, the single-ion mechanism predicts a low-temperature
variation of K; proportional toM? (for i = 1) and M*° (for i = 2). Assuming that the
observed magnetic anisotropy is mainly associated with the Mn sublattice, in figure 9 the
temperature dependence of the anisotropy constanis compared withMJ, (T) where
both Ms+ 6B3/» (dashed line) ands,, (dotted line) are used adv,. As can be seen, the
curves do not match the experimental one. The same holdgfoNote, however, that at
low temperatures the second-order anisotropy constants can be approximated satisfactorily
by the M2 (T) dependencies in accordance with the single-ion mechanism.

The temperature variation of the first-order constants is well approximatat£tig), the
third power of the net magnetization. This fact shows that the Mn contribution alone cannot
explain the observed magnetic anisotropy{ M (hfac),}3(3R),, if we are to remain within
the scope of the single-ion model. The anisotropic term of the dipole—dipole interaction for
collinear alignment of the magnetic momeptsand u; can be written as

Epa = <Z %) Sir? @)

i#j Tij
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where ther;; are the interatomic distances aidis the angle thaj; and u; make with

R;;. Following equation (7), the second-order constdftsind K, must be equal to zero in
{Mn(hfac),}3(3R),. This is an important argument for accepting the existence of a single-ion
contribution to the magnetic anisotropy @fin(hfac),}3(3R),. An exact calculation of the
dipole—dipole interaction in this compound cannot easily be made, since the spin density
of the radical is spatially substantially delocalized. Nevertheless, the anisotropy energy
AEen = 6.2 x 10* erg cnm® ~ 5.6 x 10717 erg/Mn ion observed fofMn(hfac),}3(3R)2»

at 1.8 K is of the same order of magnitude as that for other Mn compounds where the
dipole—dipole interaction was taken into consideration in order to explain the magnetic
anisotropy (Carlin 1986, Wonsowski 1971). The situation wikhn(hfac),}3(3R), has
some similarity with that for the chain compound Mnl#DTA) x 9H,O (Borras-Almenar

et al 1991) in which both of the mechanisms were found to be of importance. As for
MnMn(EDTA) x 9H,0, Mn ions in{Mn(hfac,}3(3R), occupy two inequivalent positions
with different local symmetries and can therefore give different contributions to the dipole—
dipole and single-ion anisotropy energies.

Finally, we note that in spite of the apparently simple behaviour of the anisotropic
characteristics, some properties{dMn(hfac),}3(3R), require investigation in more detail.
This concerns, in particular, the anisotropy of the paramagnetic susceptibility. As can
be seen from figure 10, where the angular dependence of the magnetization at 500 Oe
in the (ac) crystallographic plane is presented, a considerable difference exists above
Tc. The ratio Ax/x = (Xeasy— Xintermediatd/ Xeasy =~ 18% at 48 K drops rapidly with
increasing temperature (12% at 50 K) and can hardly be detected above 60 K. Although
this anisotropy can also be attributed to the dipole—dipole interaction as was concluded for
some other compounds containing bivalent manganese, e.g){@MnCl; (Walker et al
1972), detailed calculations are desirable in order to ascertain whether the single-ion splitting
of the Mn levels can give rise to this anisotropy.

5. Conclusions

The magnetic properties of the ferrimagnetic three-dimensional metal-radical complex
{Mn(hfac),}3(3R), can be adequately described in the exchange approximation assuming
that two magnetic sublattices, one-dimensional ferrimagnetieMn(1)—3R)-Mn(1)— - - -
chains with four-spin periodicity and M) ions, form a collinear ferrimagnetic structure
with a positive exchange coupling. Due to a strong exchange interaction betwedh Mn(
and terminal N-O groups within the chain, it can be considered approximately as a two-spin
ferrimagnetic chain made up of middle nitroxide grougs= 1/2) antiferromagnetically
coupled with trimer spin species with= 3/2.

The energy of the magnetic anisotropy{dfn(hfac),}3(3R), attains 62 x 10* erg cnt3
at low temperatures and is determined both by the magnetic dipole—dipole interaction and
the manganese zero-field level splitting (the single-ion mechanism).
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