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Abstract. Molecular chains of antiferrimagnetically coupled '"Mion (S = 2) and TCNE
(tetracyanoethylene) radical moments (s = ¥2) show different behaviour depending on group R
substituted to TPP (tetraphenylporphyrin) and on the substitution site. The compound with
R = F inOrtho position is a Single-Chain Magnet (SCM) with blocking temperatyre6l6K,

while that with R = F irMeta position shows both blocking (¥ 5.4 K) and magnetic ordering
transition (T = 10 K). For bulky groups R = Q8,3 the magnetically ordered phase is
obseved (T, = 22 K), which does not however prevent slow relaxation at T <8 K. Magnetic
hygeresis with coercive field $bf 2 T at 2.3 K is like that of SCM. The frequency dependent
AC susceptibility in the superimposed DC field reveals common features of all systems. The
energy of intrachain ferromagnetic coupling between effective spin units 3/2, relevant at low
temperatures, is determined for all compounds and the interchain dipolar coupling is estimated.
It is concluded that slow relaxation is inherent for all quasi one-dimensional compounds and
for the magnetically ordered ones shows up in the high enough magnetic field.

1. Introduction
Discovery of slow relaxation and magnetic bistability in anisotropic high spin molecules [1] entered
upon the research on molecular nanomagnets. As an analogue to single-molecule magnets (SMM), 1D
single-chain magnets (SCM) [2] also show the unique feature of slow magnetic relaxation and
magnetic hysteresis without long range order. Slow relaxation of magnetization occurs when the
energy barrier Ein the Arrhenius lawe = toexpE,/ ksT ) for the thermally activated process is large.
The emperature at which relaxation is so slow that no magnetization change can be observed in the
laboratory scale, is called the blocking temperatyrand reads g= E,/ (ks In(tn/1)), Wheret,, is a
charateristic time of the method. The search for SCMs was motivated with the increase of the
blocking temperature, in view of potential application of such materials as molecular memory units.
Relaxation of molecular nanomagnets may be compared to that of conventional single-domain
particles, which are superparamagnetic at high temperatures, while bglshov hysteresis and
remanence. The activation energy, tor single-domain particles is proportional to the anisotropy of
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the material and the volume of the particle. For SMMisEhe well known producDS, whae D is

the easy-axis anisotropy, arfélis the total spin of the molecular cluster. For SCMs, apart from spin
and anisotropy, the activation energy is basically proportional to the intrachain exchange Jntegral

it hampers the spin reversal in the ferromagnetically coupled spin array [1,2,3]. The interchain
interactions should be negligible to prevent the transition to 3D magnetic ordering. It was also found
[4] that the preexponential facteogrepresenting the flipping rate of an isolated spin, scales with the
sizeL of the system, which is a new important property.

The subject of the paper are the compounds from the family of 1-dimensional charge-transfer
chains based on Mn-porphyrin. The [MTPP)][TCNE]*solvent (TPP-tetraphenylporphyrin, TCNE-
tetracyanoethylene) was first reported by Miller et al. [5]. Magnetic moments fddtions of spin
S = 2 ad delocalized moments of TCNIEadicals s = 1/2 are antiparallely coupled by strong kinetic
supere&change Jnra Usually equal to about 100 K [5,6,7]. Magnetic properties of the substance may
be tured using various chemical modifications, e.g. substituting various functional groups R to the
phenyl rings at the periphery of the porphyrin disc. Figure 1 shows the structure of the
[MNnTPP][TCNE] molecular chain and possilitara-, Meta- orOrtho-position substitution sites. One-
dimensional ferrimagnetic behaviour at high temperatures may be evidenced by the fit of magnetic
susceptibilityy with the Seiden’s model [8]. The model deals with an infinite chain of classical spins
coupled by the isotropic exchange with alternating quantum spirt according to the Hamiltonian

N-1

H= -] Z (Si + Sis1)si €]
i=1

iz
Seida’'s expression for thgl product as a function df, allows to determine the intrachain exchange
coupling J = Jya and the Landé g-factor. At low temperatures a number of compounds of this type are
magndically ordered what means that besides the interaction along the ghairand the single ion
anisdropy D, the interchain couplingi, mainly of dipolar origin, is present. A series of
[MNR4TPP][TCNE] samples using different functional groups R substituteBaaf-postion was
synthesized and investigated [6, 9, 10,11]. Most of them showed transition to the long range order at
temperatures about20 K. The long alcoxy Ogl,,.1 functional groups were substituted to the phenyl
rings with the aim to investigate the role of dipolar forces in setting the magnetic order. It appeared
that even in the case of 30 A distant chains the compound could be magnetically ordergdidnd T

not change much with interchain range [11,12]. Magnetic transition detected with AC susceptibility
xac Was very sharp (critical exponentclos to that of the 3D Ising model), however its strong
dependence on the frequency of the oscillating field was astonishing. Applying weak constant field
pushed dependence on frequency to lower temperatures, where irreversibility of magnetization was
observed [10,12]. The other strange thing was the absence of heat capatitguarity at T [13]

and alarge magnetization hysteresis at lowest temperatures. It was also interesting to test the
dependence of the intrachain coupling and the Mn(lll) anisotropy on the position into which group R
is substituted. To this end a strongly electronegative fluorine ion was chosen. A striking difference in
magnetic behaviour, dependent on the substitution site, was observed by us for compounds modified
with R = F. Figure 2 presents real part gf for three modifications of [MNnFPP][TCNE]. The Para-

F conmpound with fluorine inPara-position, is a cluster-glass system [10], [MFFPP][TCNE] with

fluorine in Ortho-position (hereafter abbreviated as Ortho-F compound) is a Single Chain Magnet [7].
Meta-F compound with fluorine iMeta-position is an intermedium system showing magnetic phase
transition and simultaneously SCM-like slow relaxation at low temperature, which can be observed
with or without magnetic field.
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Figure 1. Structure of the [MnTPP][TCNE Figure 2. Real component of AC susceptibil
molecular chain and possibRara-, Meta- or measured with frequency 5 Hz and 1000 Hz
Ortho-position substitution site three phases of [MnFPP][TCNE]: fluorine
substituted into Para, Meta- and Ortho-
position.

In light of thedata obtained thus far, we are going to discuss magnetic relaxation in -
porphyrin chains and to reveal the Single Chain Magnet features in compounds showing
transition to the ordered phase. All measurements were d out at the Lake Shc 7225
AC susceptometer / DC magnetometer. We present three compounds of different relaxatio
magnetic order type, as directly reflected in the dynamic susceptibility result given in Fig. 3. T
system is the OrthB-Single Chain Magnefigure 3a); the second one, with fluorineMeta-position
(MetaFf) shows both magnetic transition and blocking of relaxatfigure 3b). The third one,
[MN(OCH2n:+1)4sTPP][TCNE], represented with compound with ;,H,s group in Para-position
(hereafter abbreviated as @B,s), has a sharp magnetic transition (figud€) but reveals slo
relaxation of the SCM type at low temperatures in the presersuperimposed D(magnetic field.
The common feature of all compounds is the 1D ferrimagnetic character comwith the Seiden
isotropic model [8] in the temperature rarlb0 - 300 K. As will be shown, at low temperatu
(020 - 70K) these systems may be described by the anisotropic Heisenberg model [14]
predicts the ferromagnetic Isi-like behaviour inthe limit of zero field. Therefore, at lo
temperatures (e.g. 2050 K), the chains may be described as composed of effective units «
S =2 - % =3/2, which interact ferromagnetically. Exchange intede; of such ferromagneti(FM)
coupling may kb determined from the formu

_ 2Ng*uf (]effs)z
3Jeff kpT

(2)

derived in Ref.[14]. Values ol determined from the lowemperature susceptibil will help us to
explain the value of activation energ, observed in relaxation measurements.
It is known that parallel magnetic susceptibility for an anisotropic Heisenberg c-like 1D system

measured in the limit of zero field is proportionalé / T, where is the correlation length. Th
implies the relation

As
XT = Copf €Xp (kTT) (3)
whereA, is the energy necessary to create a domain wall in the chaCe is the Curie constant «
the effective spin unit [15]. In the paper we determik; for several [MI"R,(TPP)][TCNE]
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compounds and use its values for discussion of competition between magnetic order and SCM
behaviour (see Table 1.).
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Figure 3. Comparison of frequency dependent AC susceptibility (real compgiédat (a) Ortho-F
Single Chain Magnet, (b) Meta-F showing magnetic transition and blocking of relaxation and (c)
magnetically ordered compound with ©B,s group in Paraposition. For higher frequency
maximum of the }peak shifts to higher temperature.

2. Main characteristics of Ortho-F SCM
Structural and morphological characterization of Ortho-F compound together with the magnetic
properties studied by AC and DC techniques have been already reported in [7]. The intrachain
antiferromagnetic exchange integral derived with the Seiden modélis= —-217 K. The
ferromagnetic intrachain coupling of effective spin units 3/2 determined ffdmthe temperature
region 22 - 68 K using Eq. 2 &¢ = 19.5 K. The energ¥; for domain wall creation determined from
Eqg. 3in the range 38 - 5 K is equal to 22.5 K (see Table 1) jh6]of this compound shows strong
depenénce on frequency in accord with slow time decay of thermoremanence. Slow relaxation
evokes the hysteresis loop with the coercive fieldetual to 20 kOe at 2 K and decreasing linearly
with temperature.

As may be seen from figure 3a and Ref.[7], upon lowering tempergtussiches maximum and
abruptly falls down, while the imaginary componehfd] for increased frequencies moves as a whole
to higher temperatures. Value of the relative variation of the temperatofehiey” peak per decade
of frequency, X =AT,/Ty)/A(logiof ), is equal to 0.128. This is much bigger than that of spin glasses
and pants to the blocking phenomenon. Absence of higher harmonics gidfeomaly means that
there is no spontaneous magnetic moment in the sample and that no phase transition ocguvs. The
v Cole-Cole plots for T =6 K up to T = 9 K given in figure 4 deviate insignificantly from perfect
semicircles and form arcs of size (1)7mParametea represents distribution of relaxation times. In
Ortho-F it does not change with temperature and is equal to @I®2t which means that in good
approximation Ortho-F has a single relaxation time. This result is a fingerprint of the Single Chain
Magnet behaviour.

From the frequency shift of thg€ maxima one obtains a temperature dependence of the relaxation
time 1 and then, using the fit to the Arrhenius law, the activation enegggdsed on the data of the
6 K+9.5 K range, one gets,BE= (122+ 2) K, wheret, = 1*10° s. The field dependence of the
actvation energy deduced from th&T,f) data obtained under static magnetic field is shown in log
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scale in figure 5. As seen, forpH less tharr 1.5 KOe, E does not change but for higher field
gradually decreases. Simultaneousty, which is the characteristic flipping time for a magnetically
isdated spin unit, increases (see figure 5, inset on the left). The ratjcabfa given field to that at
zer field, 1o(H)/1o(0), shown in figure 5 (inset on the right) is a quadratic function of H given:
To(H)/1o(0) = 1+(H/H)? with Hy = (2.1+ 0.1) kOe. This result is consistent with that reported for
Mn/Fe and Mn/Ni chains [17].

In the temperature range 6-&5 K the finite-size effects [4,17] are relevant for Ortho-F compound
(Figure 7 in Ref.[7]). As follows from the numerical study of the finite chain presented in [18], the
highest field (10 kOe) applied by us stays in the low field limit, as gddikgT) < 0.3, whereu
(=3 w) is the magnetic moment of one [MfAPP][TCNE] unit. Therefore, the single-time
approxmation should be valid. Despite the increasetgfin the presence of the superimposed
magetic field, the decrease of, Eesults in shortening of the relaxation time, e.g. at T = 5 K from
T=49sto1=0.17,and at T = 8 K from= 0.005 s down to = 0.0004 s for H =0 and H = 10 kOe
respectively. As reported in [7], the ¥ H dependence determined experimentally for Ortho-F, could
be eplained as associated with solitary waves, i.e. with creation and propagation of domain walls in
this one-dimensional anisotropic Heisenberg system. It is known that the value of activation gnergy E
at zero field is a function of the exchange constant J between the spin units and of the single-ion
anisotropy D. According to [3], for the infinite chain (L $»E.=(4J +|D|)8, whereas for L << one
has E,= (2J +|D|)§ because the energy cost to flip the spin in the domain is approximately twice as
muchas to flip the spin at the end of the chain. In order to estimate these two energy barrier limits we
take J =Jr = 19.5 K, obtained above, and the easy axis anisotropy parameter D = -3.3 K determined
by means of HFEPR spectroscopy [19] for MnTPPCI complex. We believe that this D value is
adequate here because, as concluded &wmmnitio studies for manganese porphyrin complexes [20],
TCNE ligands hardly affect magnetic anisotropy of the manganese porphyrin complex, and they are
important only to the ferrimagnetic alignment of the spins. Using the values above, we=de8EK
and 95K for two cases respectively. In view of this, the experimentally determiged 22+ 2) K
attests to L << &ase relevant for our SCM.
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Figure 4. Cole-Cole diagrams for Ortho-F. Figure 5. Effect of applied magnetic field on

The solid curves represent the least-squares activation energy for Ortho-F; the solid line is a

fit to a generalized Debye model with = guide. Left inset: field dependence of timg

0.12. solid line is a guide. Right inset: field dependence
of 19(H)/t0(0), solid line is the fit to a quadratic
dependence (see text).
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3. Blocking and magnetic order in Meta-F compound
Synthesis and crystallographic data of [MAFP][TCNE] with fluorine inMeta-position have been
described in [21]. Meta-F compound crystallizes in the monoclinic system, while that of the Ortho-F
compound is the triclinic one [22,7]. Magnetic measurements were performed for two types of the
Meta-F sample: the ground crystalline sample (C) and the powder one (P). Both C and P samples show
the phase transition to a 3D ordered magnetic state, that is easily suppressed by DC magnetic field.
The intrachain antiferromagnetic exchange coupling betweéhibmand TCNE radical, determined
from the fit of the Seiden’s expression to the experimenitalgta for 50 < < 300 K, iS Ja = -100 K
for both samples. The low temperature fitydfaccording to Eq. 3 gives ferromagnetic coupling of
spin 3/2 effective unitd. = 28 K for sample C and onlyg= 21 K for sample P.

AC susceptibility of the two samples is different. Figure 6 presents data measured with frequency
10 Hz and 1000 Hz for sample C and sample P. As may be seen, the temperature depeyidante of
y" for powder sample is not typical and consists of two anomalies, ong =alO’K " onset),
reflecting transition to the ordered state, and the other related to blocking of relaxation,, with T
54K " maximum at f = 10 Hz). The different character of two anomalies was checked by the
measurement of susceptibility nonlinear components: the second and third harmonic components
accompanied only the peak at, Therefore blocking is not a phase transition in the thermodynamic
seng. Parameter X of frequency shift for phase transition is 0.015, while the one for blocking is much
larger and equals 0.058, similarly to that of cluster [23] or fractal spin-glasses [24]. We would like to
mention that the complex behaviour of the Meta-F specimen, relying on parallel SCM- and ordered
magnet features, is like that recently observed for [Mn(3;8a@imen)Ni(pag)(phen)]Pk [25] and
cobat-radical coordination magnet [26]. On the other hand, unlike the sample P, the C sample shows
one anomaly (Figure 6), whose double nature comes forward only in the applied DC field [21]. Below,
we present results obtained for Meta-F powder sample. Samples of all other compounds discussed in
this paper were also powders.

Sample P
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Figure 6. AC susceptibility measured with
frequency 10 Hz and 1000 Hz for sample P
and sample C of the Meta-F compound.
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The Cole-Cole diagram obtained from measurements with f = 2 Hz - 2000 Hz in the temperature
range 5 K - 8 K is presented in Fig. 7. The two processes are visible with distribution of relaxation
timesa = 0.54 for blocking andt = 0.36 for phase transition. The flat segments of curves for 5.8 K,
6.2 K and 6.6 K, wherg" does not change, are certainly responsible for simultaneous reversal of all
the spins in short segments of the chains. Such relaxation mechanism was observed and theoretically
explained for CoPhOMe SCM, highly doped with diamagnetic impurities [4]. Therefore, the
magnetically correlated segments of chains in our powder Meta-F sample are short.

Figure 8 shows the influence of the external field on the AC susceptibility. It can be seen that at
H = 0.8 kOe the anomaly related to phase transition is completely suppressed, while that coming from
blocking is less field sensitive. As the magnitude of the external magnetic field is increasgd, the
maximum shits to lower temperatures, i.e. decreases. Activation energy determined from the
Arrhenius plot is E= 139(3) K whera,= 5*10"*s. Despite the similar value of Bt zero field to that
of Ortho-F, the dependence of activation energy on applied field looks quite different (Figure 9).
Already at H= 200 Oe Edrops down to the half value and then stays constant at the yadUu#K,
while the preexponential factor increases upt®*10° s and then does not change. This clear effect
undoubtely reflects crossover between L £>and L <<§ case. Magnetic field, which increases the
correlation length in chains of parallel (to field) oriented spins, at the same time will reorient the other
spins in adjacent chains and will divide magnetic domains into shorter segments. Hence, the interchain
dipolar coupling gets attenuated and phase transition disappears.
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Figure 8. DC applied field effect on Figure 9. Effect of applied magnetic field on
AC susceptibility of powder sample of the activation energy for Meta-F. Inset: field
Meta-F compound. dependence of time.1Solid lines are guides.

4. Magndic phase transition and slow relaxation in the OGH ,,;-substituted compound

The present paragraph will deal with the properties of [Mn{@%.),TPP][TCNE] (n = 10, 12, 14),

which are somehow unique due to the very large (up to 30 A) interchain spacing [9,11]. Despite the
structural isolation of the chains the compounds show transition to the magnetically ordered state with
T.=21.7K, 22.0 K and 20.5 K respectively [11,12]. Interestingly, no heat capacity anomaly due to
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the onset of the magnetic order was detected [13], like it also occurred for other members of the family
of the Mn-porphyrin chains [27]. It was therefore concluded that the most part of the magnetic entropy
is retained above the phase transition temperature in the form of the dominant short-range order. At
low temperature, the divergence of the in-chain correlation length promotes correlated spin blocks
which interact from chain to chain through dipolar forces. As shown in [28], the rate of increase of the
correlation length is the essential parameter in order to reach the observed transition temperatures. For
the T; values above an exponential divergence of the 1D correlation length is required, which implies
the existence of single-ion anisotropy, whereas the power-law divergence for 1D Heisenberg coupled
spins yields transition temperatures one order of magnitude smaller than observed.

Some results obtained for the samples with n = 10 and 14 have been already described in [12].
Here we report investigations for n = 12, as a representative for alcoxy-substituted modifications,
because it shows the highest AC susceptibility.aedual to 22 emu/mol for f = 40 Hz (see Fig. 3c),
conpaed to 8 emu/mol and 9 emu/mol for n = 10 and 14 [12]. The one-dimensional character of these
ordered molecular magnets is markedly visible in measurements performed in magnetic field. Figure
10 showsy’ and y” of OC,H,s measured at two frequencies of the oscillating field for several values
of the external static field. When applied field increases, the AC peak reveals its double nature: the
anomaly at T gradually disappears and the frequency dependent part is shifted to lower temperatures.
As given in figure 11, at H = 5 kOe AC susceptibility is of the SCM-type, yet with the broad
distribution of relaxation timesx{,= 0.22, not shown). Activation energy for this process,is &2 K,
with 1,=3.5*10"%s. We would like to notice the different in-field behaviour of @G- (Figure 10) as
compaed to that of Meta-F (Figure 8). For the latter, the low temperafuaed y” components
responsible for blocking were visible already in zero field and when the field increasgdarile”
components were getting weaker. For 63 in turn, they’ and yx” components responsible for
blocking developed with the field, which means that applied field attenuates the interchain coupling
and brings in the magnetic isolation of the chains.
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Figure 10 Influence of applied magnetic field Figure 11 AC susceptibility for OGH,s at
up to 5 kOe ony’ andy” of OCy,H,5 measured Hoc= 5 kOe, measured for f = 10, 40, 125, 320
for f = 40 Hz and 625 Hz. and 625 k. Inset: Arrhenius fit.
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The other striking feature of Q§H,s is a large value of the coercivity field. bt T= 2.3 K and its
quick decrease with temperature. Figure 12 shows hysteresis curves fbt.£xBeasured with the
magnetic sweep rate 60 s per point (1 kOe/min) at several temperatures. The curve for Ortho-F SCM
recorded at T = 2 K with the rate 100 s per point (0.6 kOe/min) is shown for comparison [7].
Hysteresis of OGH s at T = 2.3 K is very similar. The drop in. With temperature is however not the
sane (see Figure 13). For Ortho-F a fast linear drop is observed, which, at T approaching zero, leads
to H(T=0) =~ 40 kOe. The exponential ) = Hoexp(-0.67*T) dependence for @El,s shown in
figure 13 suggests much higher value gf ¢tjual to180 kOe. Upon heating the sampleg,rkhrkedly

deceases and at T = 16 K is equal to 20 Oe.

One should notice, that due to metamagnetism and spin flop transition displayed by most of
compounds from the family of Mn-porphrins, the hysteresis loop opens only for the field higher than
the critical one K. The value of i at 2.4 K, 3.5 K and 4.3 K is equal to 28 kOe, 14.5 kOe and 5 kOe
respectively. Figure 14 shows M(H) dependence during the spin flop transition at 4.3 K together with
the time evolution of magnetization M(t) measured at H = 4 kOe. The time dependence of
magnetization could be fitted with the stretched exponential function M(t) = A-M*exglt/with
=0.74 aad mean relaxation time,=4*10%s. It was also checked that decreased under illumination

with light [29].

M uB/ mol]

Figure 12 Hysteresis curves at several
temperatures for OGH,s. The curve for
Ortho-F SCM is shown for comparison. See
text for magnetic field sweep rate.
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Figure 13 Temperature dependence of the
coercivity field for Ortho-F (linear fit) and for
OC,,H;5 (exponential fit).
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Figure 14. M(H) dependence at the spin flop transition at 4.3 K. Inset: Time evolution of
magnetization M(t) measured at H = 4 kOe fitted to the stretched exponential function.
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5. Discussion

All materials presented above are well approximated by quasi one-dimensional ferrimagnetic
Heisenberg chains with small anisotropy. In this group, depending on type of the substituent R and on
the substitution site, one finds Single Chain Magnet, magnetic cluster glass, as well as magnetically
ordered phases, which show slow relaxation at low temperatures. In case of magnetically ordered
compounds, long range correlations along the chains are present abamd phase transition is
triggered due to the weak interchain dipolar forces acting between the correlated chain segments. This
is the reason why such transitions were not detected by calorimetry despite the big singularity in
magnetic susceptibility coming from formation of magnetic domains. As shown above, transition at T
undegoes attenuation by the applied DC field (Figure 8 and Figure 10). Two types of magnetically
ordered phases were mentioned: the one showing the blocking anomaly belatott applied field

(Meta-F P) and the other, in which slow relaxation and blocking could be revealed only in non-zero
DC field (OGH.n:1). The first case (Meta-F P) concerns the sample consisting in some part of
magnetically isolated chains, as number of defects prevents formation of long correlated segments,
which are necessary for creation the relatively strong interchain dipolar forces. In the second case, the
respectively strong DC field is needed to bring in the magnetic isolation of the chains.
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In order to discuss magnetic relaxation in the family of [WIFRP][TCNE] compounds and the
conpsition between the tendency to ordering vs the tendency to blocking we have determined the
coupling constants and other crucial values. Figure 15 showg te T2 plots from which the
intrachain effective FM couplindy; between effective spin units 3/2 was obtained according to Eq.2.
The results and temperature ranges in which linear fits were carried out are given in Table 1. The

dipolar interactionJy, can be estimated from the ordering temperatures using the relationship
devdoped for anisotropic exchange interaction [30]

kpTe = 4S(S + 1)\/Jerrlaip 4)

where S = 3/2 is the net spin. The values obtained are dozens of mK (see Table 1.). For the assessment
of Jgip in Ortho-F Single Chain Magnet, instead qfiif Eq.4, the blocking temperaturg ¥ 6.6 K,
detemined from the maximum of thé jnaximum for f = 10 Hz, was used.

The one-dimensional character of the compounds under study is illustrated in Fig. 16 with the
IN(xmoiT) Vs 1/T dependences. According to Eq.3, for anisotropic Heisenberg or Ising-like 1D systems
in the low temperature region this dependence should be linear with the tilt angle equal to the energy
A; necessary to create a domain wall in the chain [15]. Figure 16 shows such a behaviour down to the
lowest temperatures for Ortho-F SCM and for Meta-F, while for the other compounds of the family
the linear Ing'T) vs T* dependence is observed at temperatures much higher thamer only
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exception is the OfH,s system, for which the Ipg,T) vs 1/T dependence was not linear in a
suitably long temperature range. This exception is in accord with the overall appearance of this
magnetically ordered compound. On the other hand, the presented above experimental evidence of the
in-field slow relaxation in OGH,s point to the common mechanism of magnetic coupling and
relaxation in [MA'R,(TPP)][TCNE] molecular compounds.

6,04 ~— OC,H,,
oo
—o— Meta-F P
—+&— Ortho-F SCM
40- Figure 16. The IngT) vs TV
- dependences for Ortho-F SCM and for
oF other compounds of the family; the
c energyA; needed to create a domain wall
2,0 in the chain is determined from the EQ.3.
0,0 T T T T T T T T T
0,00 0,02 0,04 0,06 0,08 0,1

T [K']

In order to find the characteristic, common for SCM and magnetically ordered compounds, we plot
As values as a function of intrachain effective FM coupliggas shown in figure 17. Th&; VS Je
depenénce obtained is linear and redgs- 14 K + 0.416*Jx. The lowest\; andJ.« are observed for
Ortho-F Single Chain Magnet. While the intersection point (14 K) may represejm|8¢erm, the
propationality factor (0.416) is much less than®2galue expected for domain creation in a
ferromagnetic Ising chain. Such small value could be expected for quasi one-dimensional
ferrimagnetic Heisenberg systems of small anisotropy which posses wide domain walls.

50
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3
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2 - Meta-F (P)
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Figure 17. Linear dependence of ¥s 1« obtained for the compounds of the
[MNR4TPP][TCNE] family.
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Table 1. Characteristic temperatures, magnetic interactions and activation energies for compounds
under study: T - ordering temperature;, T blocking temperature,; F freezing temperature;yy, -
intrachain AFM coupling between Mnion and TCNE radical)es - low temperature intrachain
effective FM coupling between effective spin units 3/2 (Edlgy, interchain dipolar coupling (Eq.4),

E. - activation energy of Arrhenius relaxatian,- prefactor in the Arrhenius law; - the energy of
creation a domain wall in the chain (Eq.3).

Compound Type Jintra Jeit Jdip Ea To Ag [K]
Ortho-F TE66K 217K fok . <001k Toh 225K
Meta-F (P) %Zé&KK 100 K o eak 02K 2f, 232K
MetaF (C)  T=10K 100K [21] 200 o 002K 24.8 K
Para-F T,=26 K 236 K [6] i.ssifcﬂs

OCygHas TE225K  117K[6]  sogc ook 07K 27K
OCiHss T=22 K 178Kle]  ooXK . moak 22K o

OCydHg TE212K  148K[6] oo oo, 03K 40K

6. Conclusion

On the basis of the presented results we conclude that slow relaxation is an inherent feature for all
compounds of the [MNRPP][TCNE] family. For the magnetically ordered compounds it is apparent

in the AC susceptibility as a frequency dependent bump at temperatures helowdy show up in

the high enough magnetic field. The superimposed DC magnetic field destroys the antiferromagnetic
coupling between the chains and brings in magnetic isolation of the chains. The preexponential factor
Toin the Arrhenius law increases in the applied field, however, as the energy baderéases, the
in-field relaxation accelerates. As observed for Meta-F P and Meta-F C samples, the quality of the
sample relying on the undefected structure is crucial for setting magnetic order. For the compounds of
the [MNR,TPP][TCNE] family, including Ortho-F SCM, the linear dependence of the ere@y the
intrachain effective ferromagnetic coupliny is observed. A strong dependence of the AC
suseptibility on frequency, observed in a humber of ordered quasi one-dimensional compounds,
previously interpreted in the frames of spin (spin-cluster) glass, originates from SCM features.
However, the true Single Chain Magnet behaviour is a unique property which rules out any magnetic
transition to the collective phase.



Joint European Magnetic Symposia — JEMS 2010 IOP Publishing
Journal of Physics: Conference Series 303 (2011) 012036 doi:10.1088/1742-6596/303/1/012036

Acknowledgements

The authors acknowledge receiving the samples under investigation from Dr. K. Falk and
Dr. K. Griesar (Institute of Physical Chemistry, Darmstadt University of Technology) as well as from
Dr. S. Najak (working temporally in Darmstadt TU, on leave from Bhabha Atomic Research Centre,
Trombay, India). M.B. acknowledges partial support from the Polish Ministry of Science and Higher
Education within the Research Project No. 0087/B/H03/2008/34. Thanks are also due to Dr. A. Pacyna
(INP, Krakéw) for his kind assistance in the lab.

References

[1] Sessoli R, Gatteschi D, Caneschi A and Novak M A 1993 N&tiel41
Thomas L, Lionti F, Ballou R, Gatteschi D, Sessoli R and Barbara B 1996 1888ide15
Sangregorio C, Ohm T, Paulsen C, Sessoli R and Gatteschi D 1997 Phys. Rev4bd8. 78

[2] Caneschi A, Gatteschi D, Lalioti N, Sangregorio C, Sessoli R, Venturi G, Vindigni A,
Rettori A, Pini M G and Novak M A 2001 Angew. Chem. Int.48d1760
Caneschi A, Gatteschi D, Lalioti N, Sangregorio C, Sessoli R, Venturi G, Vindigni A,
Rettori A, Pini M G and Novak M A 2002 Europhys. LB8.771
Clérac R, Miyasaka H, Yamashita M and Coulon C 2002 J. Am. Cheni28dt2837
Hao-Ling Sun, Zhe-Ming Wang and Song Gao 2010 Coord. Chem2&e¢¥081

[3] Miyasaka H, Julve M, Yamashita M and Clérac R 2009 Inorganic Chemidtd#20

[4] Bogani L, Caneschi A, Fedi M, Gatteschi D, Massi M, Novak M A, Pini M A, Rettori A,
Sessoli R and Vindigni A 2004 Phys. Rev. Lett. 92 207204

[5] Wynn C M, Girtu M A,. Sugiura K-I, Brandon E J, Manson J L, Miller Joel S and Epstein A J
1997 Synth. MetaB5 1695
Girtu M A, Wynn C M, Sugiura K-I, Miller Joel S and Epstein A J 1997 Synth. Mggals
1703
Wynn C M, Girtu M A, Brinckehoff W B, Sugiura K-I, Miller J S and Epstein A J 1997
Chem. Mater9 2156

[6] K. Falk, Ph.D. Thesis, TU Darmstadt 2002 http://elib.tu-darmstadt.de/diss/000220/

[7] Batanda M, Rams M, Nayak S, Tomkowicz Z, Haase W, Tomala K and Yakhmi J 2007
Phys. Rev. B 74 224421

[8] SeidenJ 1983 J. Phys.-Lettd L-947

[9] Griesar K, Athanassopoulou M A, Soto Bustamante E A, Tomkowicz Z, Zaleski A J and
Haase W 1997 Adv. Mat8r45
Griesar K, Athanassopoulou M A, Tomkowicz Z and Batanda M M@7Cryst. Lig.
Cryst.306 57
Falk K, Werner R, Tomkowicz Z, Batanda M and Haase W 1988agn. Magn. Mater
196-197564

[10] Batanda M, Falk K, Griesar K, Tomkowicz Z and Haase W 1999 J. Magn. Magn. Mater. 205 14
Batanda M, Falk K, Griesar K, Tomkowicz Z, Wasiigki T and Haase W 1999 Mol. Cryst.
Lig. Cryst.335 845

[11] Falk K, Batanda M, Tomkowicz Z, Mascarenhas F, Schilling J, Klavins P and Haase W 2001
Polyhedror20 1521

[12] Tomkowicz Z, Batanda M, Falk K and Haase W 20B&laxation Phenomena-Liquid Crystals,
Magnetic Cystems, Polymers, High-Tc Superconductors, Metallic Glask&¥ Haase and
S Wrobel (Berlin Heidelberg: Springer) p 569

[13] Bhattacharjee A, Falk K, Haase W and Sorai M 2DBhys. Chem. S@6 147

[14] Suzuki F, Shibata N and Ishii C 1994 J. Phys. Soc. Jpn. 63 1539

[15] Loveluck M, Lovesey S W and Aubry S 1975Phys. G8 3841
Nakamura K and Sasada T 1978 J. Phys. G311



Joint European Magnetic Symposia — JEMS 2010 IOP Publishing

Journal of Physics: Conference Series 303 (2011) 012036 doi:10.1088/1742-6596/303/1/012036

[16]

[17]
[18]

[19]
[20]

[21]
[22]
[23]
[24]
[25]

[26]
[27]
[28]
[29]
[30]

Eq.3 used by us for estimating in all compounds under study does not take into account the
interchain interaction and the finite length of the chaiasjalue for Ortho-F reported in [7]
determined in the more precise approach is bigger

Coulon C, Clérac R, Lecren L, Wernsdorfer W and Miyasaka H 2004 Phy$3 B21.32408

Coulon C, Clérac R, Wernsdorfer W, Colin T, Saitoh A, Motokawa N and Miyasaka H 2007
Phys. ReB. 76 214422

Krzystek J, Telser J, Pardi L A, Goldberg D P, Hoffman B M and Brunel L C 1999
Inorg. Chem. 38, 6121

Takeda R, Koizumi K, Shoji M, Nitta H, Yamanaka S, Okumura M and Yamaguchi K 2007
Polyhedron26 2309

Tomkowicz Z et al. in preparation

Brandon E J, Rittenberg D K, Arif AM and Miller J S 1998 Inorg. Chg@m3376

Novak M 2004 J. Magn. Magn. Mater. 272-276 E707

Etzkorn S J, Hibbs W, Miller J S and Epstein A J 2004 Phys. Rev. B 70 134419

Miyasaka H, Takayama K, Saitoh A, Furukava S, Yamashita M and Clérac R 2010
Chem. Eur. J16 3656

Oshii N, Okamura Y, Chiba S, Nogami T and Ishida T 2008 J. Am. Cheni.3Bd24

Nakazawa Y, Hoffman W, Miller J S and Sorai M 2005 Sol. St. CdBkn71

Ostrovsky S, Haase W, Drillon M and Panissod P 2001 PhysBR&l 134418

Zielinski P, Batanda M, Petka R and Wasiigtli T 2005 J. Phys.: Conf. S&tl 237

Richards P M 1974 Phys. R&/10 4687





