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Abstract: The first family of rare-earth-based single chain magnets is presented. Compounds of general
formula [M(hfac)s(NITPhOPh)], where M = Eu, Gd, Th, Dy, Ho, Er, or Yb, and PhOPh is the nitronyl—
nitroxide radical (2,4'-benzoxo-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide), have been structurally char-
acterized and found to be isostructural. The characterization of both static and dynamic magnetic properties
of the whole family is reported. Dy, Th, and Ho compounds display slow relaxation of the magnetization,
and ac susceptibility shows a thermally activated regime with energy barriers of 69, 45, and 34 K for Dy,
Th, and Ho compounds, respectively, while only a frequency-dependent susceptibility is observed for Er
below 2.0 K. In Gd and Yb derivatives, antiferromagnetic interactions dominate. The pre-exponential factors
differ by about 4 orders of magnitude. Finite size effects, due to naturally occurring defects, affect the
static and dynamic properties of the compounds differently.

Introduction

While the synthesis of a new compound with unconventiona

the synthesis of families of related clusters has become an
| important topic and is still a rich field of researefhe further

discovery, some years ago, of a superparamagnetic-like behavior

in one-dimensional systems has opened new perspectives in the
development of molecular magnets. The first of such systems,

properties is certainly a particularly appealing task, especially
if following a rational desigrt,one goal of no less importance

is the synthesis of whole families of systems, in which the = -H
properties can be tuned at will. Such studies, allowing com- the molecular coordination polymer [Co(hfa@yITPhOMe)P

parison between similar systems, are powerful tools to rational- (Where hfac= hexafluoroacetylacetonate and NITPhOMe

ize the properties of the materials under study and often lead to2-4-methoxo-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide),
further synthetic advances. This is particularly true for the field Showed hysteresis at temperatures significantly higher than those
of molecular magnetism, where the systematic synthesis of €Ver reached with SMMs and thus raised the hope of obtaining
families of compounds provided a clear indication of the patterns Molecular materials for magnetic information storage and
of magnetic interaction and allowed for the rationalization of Processing at accessible temperatures. Anyway, the development
the magnetic coupling mechanigrwith the discovery, about pf such mgterlals has be_en som_ewhat hampered by the difficulty
15 years ago, of Single Molecule Magnets (SMMs), that is, "N cgmblnmg th.e two strlgt reqwrements.neede.d to observe the
molecular clusters that show slow relaxation of the magnetiza- desired behavior, that is, a strong Ising anisotropy of the
tion at low temperature and give rise to magnetic hysteresis of Magnetic centers and very weak interchain interactions. Al-
molecular origir? accompanied by important quantum effects, though a number of different polymeric systems showing this
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behavior has been synthesized and studizallectively called,

as a class of compounds, Single Chain Magnets (SGMp),
to now, only one family of such systems is knoWmhe
archetype [Co(hfagNITPhOMe], which was based on the
metal-radical approach strated9has not led to the creation
of a family of systems with tunable properties yet, mainly due
to the rather poor reactivity of the Co(ll) metallic center.

the metallic site leads to structural changes, and thus, the only
other SCM family available is based on the substitution of the
ligands around the metal centérslere we describe a whole
family of isostructural chain compounds with the formula
[M(hfac)s(NITPhOPh)], where M= Eu, Gd, Th, Dy, Ho, Er,

or Yb. A complete characterization of the magnetic behavior
of the family of compounds is presented, and both static and

Rare-earth radical-based chains are very appealing candidatedynamic properties are discussed and analyzed. By comparing

for SCMs, due to the Ising anisotropy often encountered in thesestatic and dynamic properties, we evidence the interplay of
metal ionst! Moreover, the very similar chemical properties of anisotropy and SCM behavior, and we show that, in some cases,
lanthanides allow for the easy substitution of the metallic center. the chains are to be assigned to a dynamical regime dominated
Our approach thus consists of exploiting these characteristicsby finite size effects.

of lanthanides, together with the engineering possibilities opened

by the “radical-as-ligand” strategy. Careful design of the
nitronyl—nitroxide radical (2,4benzoxo-4,4,5,5-tetramethylimi-
dazoline-1-oxyl-3-oxide), NITPhOPh, allowed us to obtain
magnetically isolated chains containing lanthanide centers
stabilized by intrachain supramolecular interactithsIhe
efficacy of this strategy was previously reported for the chain
compound [Dy(hfagNITPhOPh)], 1,22 which is the first

Experimental Section

General Procedures and Materials.All chemical and solvents
used were reagent grade. Syntheses of the starting material, radical
NITPhOPh, have been performed according to literature metiods.

Synthesis of [M(hfack(NITPhOPh)]. The reacting salts [M(hfag)
2H,0] (where M= Eu, Gd, Th, Dy, Ho, Er, or Yb) were synthesized
using the following procedure: 1.78 mL (24 mmol) of a 25% ammonia

successful attempt at obtaining a SCM using rare-earth ions and®°!ution was added dropwise to 3.39 mL (24 mmol) of hfac in 100 mL

the first example of how to rationally modify the ligand to design
a SCM from materials known to undergo three-dimensional
ordering®® This compound exhibits all features of a superpara-

of ether at 2°C. Then 8 mmol of [M(CI}-5H,Q] in 10 mL of water

was added to the solution. After half an hour of strong stirring, 20 mL

of water was added. Then organic and aqueous phases were separated
and washed with water and ether, respectively. The organic phase was

magnetic system, and a hysteresis loop opens below 3 K. Thesgyried on magnesium sulfate, filtered, and then concentrated to form a

dynamical features are accompanied by a very rich static

yellowish oil; 20 mL of hexane was then added, and the solution was

behavior with the presence of several low energy states. Thisthen heated to 55C for some minutes. After filtration, to separate the

result has also opened the possibility of studying the interplay

formed solid, the compound was kept in freezer-dt °C, where it

between SCM behavior and the possible presence of slowcrystallized. The mean overall yield was about 40%.
relaxation of single rare-earth magnetic centers, as evidenced All the polymeric systems [M(hfagNITPhOPh] were synthesized

in recent works?

In this work, we exploit the chemical possibilities opened
by the creation of a rare-earth-based SCM family in which the
magnetic center, and thus the anisotropy, can be tuned. It mus

be stressed that, in all other reported SCMs, the substitution of
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by the following procedure: 1 mmol of [M(hfagPH,O] was dissolved

in 30 mL of dry boilingn-heptane. The solution was left to boil for 20
min and then cooled to 78C, when 1 mmol of the crystalline solid
radical NITPhOPh was then slowly added under stirring and 3 mL of

H.Cl, was added. The final solution was then cooled to room
temperature and was left still for about 24 h to give dark needle-like
crystals suitable for X-ray analysis. Elemental analysis calculated for
Cs4H2400NoF1gEU: C, 37.17; H, 2.20; O, 13.11. Found: C, 37.11; H,
2.22; O, 13.13. Calcd (%) 4H2409N2F16Gd: C, 37.00; H, 2.19; O,
13.05. Found: C, 36.98; H, 2.17; O, 13.08. Calcd (%3Hz0sFsTb:

C, 36.94; H, 2.19; O, 13.03. Found: C, 36.95; H, 2.23; O, 13.02.
Calcd (%) GaH2400NF1gHo: C, 36.74; H, 2.18; O, 12.96. Found: C,
36.70; H, 2.20; O, 12.92. Calcd (%):4812400N2F1Er: C, 36.66; H,
2.17; O, 12.93. Found: C, 36.63; H, 2.14; O, 12.89. Calcd (%)
Cs4H2409N2F18Y b: C, 36.47; H, 2.16; O, 12.86. Found: C, 36.51; H,
2.13; O, 12.82.

All compounds were found to melt in a very narrow temperature
range at 134+ 0.3 °C and immediately after they decompose to a
reddish slimy substance.

Physical Measurements. Temperature dependeric magnetic
susceptibility measurements were performed on solid polycrystalline
samples with a Cryogenic Ltd. S600 SQUID magnetometer and were
all corrected for the diamagnetic contribution, as calculated with
Pascal’s constants, and for the diamagnetism of the sample holder, as
independently determined. All magnetization curves were measured
with an Oxford VSM system after inclusion in Apiezon grease to
prevent orientation of the crystallites. Data were corrected for the
magnetism of the grease, which was independently determined at the
same temperature and fields. Tlae magnetic susceptibility was
measured using a homemade probe operating in the25600 Hz
range'® Powder diffraction patterns were recorded on a powder

(15) Ullman, E. F.; Osiecki, J. H.; Boocock, D. G. B.; Darcy, RAm. Chem.
Soc.1972 94, 7049.
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Figure 1. View of the crystal structure of [Dy(hfag)MITPhOPh], at 150
K. Fluorine and hydrogen atoms were omitted for clarity. Coordination

different chains alternatively occupy the free volume between
the chains, then minimizing even the possible weak magnetic
interactions between the radicals.

In our study of the effect of the substitution of the rare-earth
ion on the magnetic properties, we focused on synthesizing a
family of materials using rare earths with very different
anisotropies. Starting from our previous results, we mainly
focused on the elements around Dy and after Gd, but to check
if structural changes took place with elements before Gd, we
also synthesized a chain with Eu, finding that it is isostructural.
Cell determinations were performed on all lanthanide deriva-
tives, and the cell parameters found are given in Table 1.

As a further proof that the chains are isostructural, powder
diffraction patterns were recorded for all compounds. Except
for a small difference in the degree of crystallinity, all com-
pounds show the same diffraction pattern, in good agreement
with that simulated from the CIF file of the Dy compound. These
results confirm not only that the compounds are isostructural

bonds are represented as segmented. All other chains are found to beyith no incidence of lanthanide contractidiut also that other

isostructural.

diffractometer Bruker D8 Avance working with CuoKradiation in
6126 mode. Powder diffraction pattern of Dy compound was simulated
from a CIF file using PowderCell software. FT-IR spectra were recorded
on a Perkin-Elmer Spectrum BX spectrometer in KBr pellets. Melting
points were recorded on a'Blui B-545 apparatus on microcrystalline
samples.

Crystallography. Crystallographic measurement on Dy compound,
depicted in Figure 1, has already been repottecell determinations
of [M(hfac);NITPhOPh] (with M= Eu, Gd, Tb, Dy, Ho, Er, or Yb)
were performed on the same apparatus. The family crystallizes in the
orthorhombic space group2:2:2; (No. 19). Main structural data are
reported in Table 1.

Results

Synthesis and Structural Description. As the chemical
reactivity of the lanthanides used is basically the safrad|
polymeric systems were synthesized in the same way, following
a slight modification of the synthesis reported fofn our study,

we always used the same radical, so as to obtain isostructura%

systems. The structure of (shown in Figure 1) and its
underlying synthetic strategy were previously descritfed.
Briefly, the compound is formed by chains, parallel to the
crystallographic axis of octacoordinated M(hfacgnters con-
nected via radical units, which act as bis-monodentate ligands.

polymorphs are not present (see Supporting Information).

FT-IR Analysis. All compounds display the same spectra
as Ln—0O bond vibrations are not visible in the investigated
range. The Tb compound spectrum, together with a list and
assignment of main peaks, is available in the Supporting
Information.

Static Magnetic Properties.Polycrystalline powder SQUID
measurements of all compounds were recorded at temperatures
between 2 and 300 K. TheT products versus temperature are
shown in Figures 26 for all the new compounds, while data
for the Dy chain have been previously reported. The main
parameters found are summarized in Table 2, together with data
for the Dy chain, to allow easy comparison. It can be seen that
all compounds display a room temperature susceptibility slightly
lower than that expected for noninteracting spins, but in very
good agreement with previously reported d&dor many
lanthanides, a decrease in th€ value on decreasing temper-
ature, due to single ion anisotropy, is expected, and all of our
compounds except the Gd chain display, at relatively high
emperature, a decrease due to this fact. The magnetization
versus temperature curves, also reported in Figured dvere
obtained on polycrystalline samples with a VSM system. All
measurements were performed on samples included in Apiezon
grease to avoid orientation effects with the field and were
acquired continuously while the field was sweeping at 12

The bonds between the metal center and the two oxygen atoms,ya/min from 120 to—120 kOe.

of the bridging radicals were found to be very close to one

another (2.385(6) and 2.358(4) A) and can thus be expected to.

give similar magnetic exchange. As it was observed in other
metal NIT(R) derivatives? stacking interactions between the
inner aromatic ring of the spacer and an hfac ligand, which can
be clearly identified? play a major role in stabilizing the
polymeric form of the compound. We then chose to favor them
by activating the aromatic part of the radical using an ether
group as a substituent. The outer aromatic ring of the radical,
on the contrary, acts as a spacer and is placed between the chai
and is found in a niche between two other chains, surrounded

by the fluorine atoms of four hfac ligands. The spacers of two

(16) Midollini, S.; Orlandini, A.; Rosa, P.; Sorace, Inorg. Chem.2005 44,
2060

17) Moelier, T.; Martin, D. F.; Thompson, L. C.; Ferrus, R.; Feistel, G. R,;
Randall, W. JChem. Re. 1965 65, 1.

n

The measurements performed on the Gd compound are shown
in the lower part of Figure 2. The SQUID measurement shows
ayT value at room temperature of 8.2 eriimol, only slightly
lower than the value expected for one Gd(lll) ion, which has a
837, ground state, plus an uncoupl&= 1/2 radical center.
This fact is anyhow in agreement with previous repé&tfshe
value remains roughly constant until about 35 K, where an
abrupt decrease is clearly visible, reaching a value of 2.1-emu

Ié/mol at 2 K. The magnetization versus field measurement,

(18) Caneschi, A.; Gatteschi, D.; Lalioti, N.; Sangregorio, C.; Sessali, Rhem.
Soc, Dalton Trans.200Q 3907.

(19) Janiack, CJ. Chem. Soc., Dalton Tran200Q 3885.

(20) (a) Benelli, C.; Gatteschi, IChem. Re. 2002 102, 2369. (b) Benelli, C.;
Gatteschi, D.; Caneschi, A.; Sessoli, IRorg. Chem.1993 32, 4797. (c)
Benelli, C.; Caneschi, A.; Gatteschi, D.; Sessoli,JRAppl. Phys1993
73, 5333. (d) Benelli, C.; Caneschi, A.; Gatteschi, D.; Pardi, L.; Rey, P.
Inorg. Chem.199Q 29, 4223.
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Table 1. Cell Axes (R), Angles (deg), and Volume (A3) as Determined for All Chain Compounds at 298 K

chain compound a b c o p y volume
[Eu(hfack(NITPhOPh)] 14.468(4) 16.757(6) 17.127(4) 89.98(2) 90.05(2) 90.12(2) 4152.4
[Gd(hfack(NITPhOPh)] 14.437(8) 16.70(1) 17.130(9) 90.01(5) 89.85(4) 89.86(5) 4130.9
[Tb(hfack(NITPhOPh)] 14.453(5) 16.67(1) 17.094(6) 90.07(4) 89.96(3) 89.73(4) 4119.8
[Dy(hfac)(NITPhOPh)} 14.441(6) 16.713(9) 17.140(7) 90.13(4) 90.00(4) 90.28(3) 4140.85
[Ho(hfack(NITPhOPh)] 14.422(5) 16.65(1) 17.083(6) 90.28(3) 89.95(3) 90.13(4) 4103.4
[Er(hfack(NITPhOPh)] 14.389(3) 16.661(8) 17.104(3) 89.94(2) 90.00(1) 89.87(2) 4101.1
[Yb(hfac)(NITPhOPh)] 14.389(2) 16.739(7) 17.102(3) 90.20(2) 89.92(1) 89.77(2) 4119.7

aThe cell values reported here are taken at room temperature and thus slightly differ from those previously ptitdistiettd at 150 K.
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Figure 2. Magnetic data recorded for the [Gd(hfg@®ITPhOPh)] chain Figure 3. Magnetic data recorded for the [Tb(hfa@ITPhOPh)] chain

as a polycrystalline sample. (Top) Magnetization versus field measurementas a polycrystalline sample. (Top) Magnetization versus field measurement
at 1.55 K and with a field sweep rate of 12 kOe/min. In the inset, we show at 1.55 K and with a field sweep rate of 12 kOe/min. In the inset, we show

an enlargement of the low field region. (Bottom) Temperature dependence an enlargement of the low field region. (Bottom) Temperature dependence
of the yT product from SQUID magnetic measurements. Symbols are of the 4T product from SQUID magnetic measurements. Symbols are

experimental data (empty circles are recorded in an external field of 0.1 experimental data (empty circles are recorded in an external field of 0.1
kOe, squares in 1 kOe, and half-filled triangles in 10 kOe). In the inset, we kOe, squares in 1 kOe, and half-filled triangles in 10 kOe). In the inset, we

show the low temperature dependence of gfigproduct. show the low temperature dependence of tfigproduct.

reported in the upper part of Figure 2, does not show any amount to 5500 emu/mol. The magnetization value was 26 700
hysteresis, but a very slight kink is visible betweeB00 and emu/mol (4.7&g) at 120 kOe and 1.55 K. A well-defined step
500 Oe. The magnetization value at 120 kOe is found to be at 13.7 kOe, with a value of 10 000 emu/mol, was observed in
35625 emu/mol (6.3&g) at 1.55 K. this case.

The temperature dependence of yleproduct for the Tb The 4T versus T measurements performed on the Ho
compound (lower part of Figure 3) displays a very different compound (lower part of Figure 4) show a room temperature
behavior. The room temperatuyd value, 11.1 emd</mol, value of 14.4 emiK/mol, again lower than the value theoreti-
lower than that expected for thi& state of Tb(lll) plus an cally expected for &lg ground state plus an uncoupl&i=
uncoupledS = 1/2 radical, is in agreement with previously 1/2. This value decreases smoothly on decreasing the temper-
reported data for similar compoun#f8. This value remains  ature and reaches a minimum value of 4.89 etimol at 4.5
almost unchanged down to 50 K, where a slow decrease isK. Then the curve rapidly increases and reaches a round
visible, reaching a minimum of 6.08 erkimol at 6.9 K. Below maximum at 2.25 K with a value of 8.50 erimol. The
this temperature, thgT product increases markedly and it magnetization versus field measurement (upper part of Figure
reaches a value of 81 eri/mol at 1.89 K. 4) shows no hysteresis. Nevertheless, some slight steps are

The magnetization versus field curve at 1.45 K (upper part visible between 2 and 9 kOe for a median value of 5000
of Figure 3) shows a hysteretic behavior. Rather interestingly, emu/mol, while the magnetization reaches 34 300 emu/mol (6.14
while the Dy chain shows the presence of a small step very ug) at 120 kOe and 1.55 K.
close to zero field, indicating some kind of antiferromagnetic ~ The xT versusT curve for the Er compound (lower part of
interaction in the system, the Tb compound shows no sign of Figure 5) resembles that of the Tb one. The room temperature
this antiferromagnetic ground state, and the opening of the T value is 11.37 emK/mol, lower than the expected for a
hysteresis is more clearly visible. The coercive field was found 415> ground state plus an uncoupl8c= 1/2 radical centery T
to be 3 kOe, while the remnant magnetization was found to decreases smoothly and reaches a minimum value of 7.16 emu
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Figure 4. Magnetic data recorded for the [Ho(hfa@ITPhOPh)] chain

as a polycrystalline sample. (Top) Magnetization versus field measurement
at 1.55 K and with a field sweep rate of 12 kOe/min. In the inset, we show

an enlargement of the low field region. (Bottom) Temperature dependence
of the T product from SQUID magnetic measurements. Symbols are

experimental data (empty circles are recorded in an external field of 0.1

kOe, squares in 1 kOe, and half-filled triangles in 10 kOe). In the inset, we

show the low temperature dependence of gfigproduct.
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Figure 6. Magnetic data recorded for the [Yb(hfg@YITPhOPh)] chain

as a polycrystalline sample. (Top) Magnetization versus field measurement
at 1.55 K and with a field sweep rate of 12 kOe/min. (Bottom) Temperature
dependence of theT product from SQUID magnetic measurements.
Symbols are experimental data (empty circles are recorded in an external
field of 0.1 kOe, squares in 1 kOe, and half-filled triangles in 10 kOe).

Table 2. Main Magnetic Data Extracted from the Static Properties
of the Chain Compounds

-

_M/emu mol'1

I

rare xT, 300K M,120kOe  step field steepness, step slope (Sl)
earth  (emu-K/mol) (emu/mol) (kOe) (emu-mol~*-Oe ™) (K)

Gd 8.20 35625 N.A N.A. N.A.

Tbh 11.10 26700 13.77 1310 940.5
DyP 12.2 30900 16.23 1680 1820.3
Ho 14.4 34300 13.08 1080 3#40.3
Er 11.37 32000 6.26 790 450.2
Yb 3.00 14300 N.A. N.A. N.A.
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Figure 5. Magnetic data recorded for the [Er(hfa@ITPhOPh)] chain

as a polycrystalline sample. (Top) Magnetization versus field measurement

at 1.55 K and with a field sweep rate of 12 kOe/min. In the inset, we show

an enlargement of the low field region. (Bottom) Temperature dependence
of the 4T product from SQUID magnetic measurements. Symbols are

experimental data (empty circles are recorded in an external field of 0.1
kOe, squares in 1 kOe, and half-filled triangles in 10 kOe). In the inset, we

show the low temperature dependence of fieproduct.

aThe step field value and its steepness are extracted from the first
derivatives of the magnetization curves. the slope is extracted from the
logarithmic scaling of the T curves.? Parameters extracted from data
reported in ref 12.

very slight modification of the trend of the curves is visible
around 5 kOe with a value of about 15000 emu/mol. The
highest value of the magnetization is 32 000 emu/mol (zg)3

at 120 kOe and 1.55 K.

The lastyT versusT measurements (performed on the Yb
compound and reported in Figure 6) show a room temperature
value of 3.00 emK/mol, and this is slightly lower than that
expected for &l7, ground state plus an uncoupl&d= 1/2. In
this case, a monotonic decrease down to 1.28-E/mol at 2
K is observed on lowering the temperature. The magnetization
versus field measurement (upper part of Figure 6) shows no
steps and no hysteresis. The saturation value of the magnetiza-
tion, about 14300 emu/mol (2.56) at 1.55 K, is found to be, as
predictedt! significantly smaller than those of the previous
compounds.

It can be easily seen that, similarly to the Dy compound, the

K/mol at 10.0 K. Then a maximum is rapidly reached at 2.05 Tb, Ho, and Er chains display a step in the magnetization curves
K with a value of 29.72 emiK/mol as shown in the inset. The  at different field values and with different steepness. As in the

magnetization versus field measurement (shown in the uppercase of the Dy compound, all these features were found to be
part of Figure 5) does not display any significant hysteresis. A independent of the field sweep rate and only become smoother
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Figure 7. Derivatives of the magnetization curves for the Gd, Tb, Dy,
Ho, Er, and Yb chains. Magnetization curves were all recorded at 1.55 K
and with a field sweep rate of 12 kOe/min. The first peak observed for the
Tb compound around 5 kOe is obviously due to the hysteresis.
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Figure 8. Temperature dependence of the imagingfytop) and real’
(bottom) components of thec susceptibility measured in zero applied field
for 10 logarithmically spaced frequencies in range of 110 Hz (red) to 20 000
Hz (blue). Lines are guides to the eye.

on increasing the temperature. It is interesting to note that they

abowe 9 K to thedc one. The frequency-dependeyitsignal is
found at lower temperature, below 3.5 K, in the Ho chain, and
the height of its maximum tends to saturate below 2.25 K, in
correspondence to the maximum in the stgliccurve. For the

Er chain, the frequency dependence of the signal is visible only
at the lowest temperatures available, and this prevented the
extraction of the dynamical parameters.

Discussion

Static Magnetic Properties.The largely unquenched orbital
contributions associated with the ground states of the lanthanides
make the simulation of the data very difficult. In most cases,
anyway, low symmetry components of the crystal field remove
the degeneracy, leaving one Kramers doublet lying lowest,
separated from the excited states by some tens of-.chis
usually a reasonable approximation to treat the Dy(lll) and
Er(lll) ions at low temperature as an effectiv@ = 1/2,
corresponding to the Kramers doublet, with high anisotrépy.
On the contrary, Th(lll) and Ho(lll) ions are usually considered
asS = 1 spin centers, with considerable anisotrdpy.b(lll)
shows a significantly smaller magnetic anisotropy, while Gd-
(1) is substantially isotropic. We can immediately notice that
for the more isotropic ions, Gd and Yb, the magnetic behavior
is dominated by AF interactions even if a ferrimagnetic behavior
would be expected due to the alternation of different magnetic
moments. It is, however, well-known that compounds involving
nitronyl—nitroxide radicals and rare-earths ions show the
simultaneous presence of both nearest-neighbor (NN) and next-
nearest-neighbor (NNN) exchange interactions between the
magnetic centers, these last ones are antiferromagnetic in
nature?’ When the anisotropy is small, the magnetic energy is
minimized in a helical arrangement of the spins that can result
in a decrease of theT product?! In the case of Ising-type

are found also above the temperature at which the hysteresis isanisotropy, the magnetic moments are forced in one direction

observed. To better appreciate the differences, the first deriva-

tives of all the magnetization curves shown in Figure$are
displayed in Figure 7, translated with an arbitrary offset for the
sake of clarity. The position, taken as the fields of the maxima

and the helical arrangement that compensates the magnetic
moments cannot be attained. Ferrimagnetic behavior is therefore
expected to prevail and is indeed observed. Although a detailed
analysis is not possible in these complex systems, given also

of the derivative, and the steepness and the peak value of thgna |ow symmetry environment around the metal ions, an

steps are reported in Table 2, along with all the main

indication on the kind of magnetic anisotropy of the chains can

experimental parameters. The position of the steps is increasing, o gained by performing a scaling procedure of the temperature

proceeding from Tb to Dy (for which it reaches a maximum
value of ca. 16 kOe), whereas it continuously decreases from
Dy to Yb. A similar trend is observed also for the steepness.
Dynamic Magnetic Properties.Zero-field-cooled and field-
cooled (ZFC-FC) curves were recorded on polycrystalline
samples of all systems, as a preliminary analysis of the
dynamical properties, but, in contrast to what was observed for

dependence of the susceptibilf&/in fact, the susceptibility of
the ferromagnetic Ising chain shows an exponential behavior
of they T product,y T 0 e2’%T, whereJ is the exchange energy
between nearest-neighbors (NN), thus including the product of
the alternating spins. Plotting the logarithm )oF versus the
inverse of the temperature should afford a straight line, and the
slope directly provides the exchange energy.

the Dy chain, no difference was detected between the two curves We want to stress here that the exponential divergence is

down to 1.9 K.

Thenac susceptibility was measured down to 1.5 K and in
the frequency range of 525000 Hz. No out-of-phase signal
was observed for the Gd and Yb compounds. The remaining
Tb, Ho, and Er chains, on the contrary, all showed some form
of slow relaxation of the magnetization, as foundlinThe
temperature dependence of the in-phgasand out-of-phasg"”
signals, recorded in zero static field, is reported in Figure 8 for
the three compounds. The Tb chain is clearly the one which
shows &' signal at higher temperatures. All peaksyihare
found above 3 K, while thg' signal has an increasing value

on lowering the frequency and the curves are superimposable

7952 J. AM. CHEM. SOC. = VOL. 128, NO. 24, 2006

observed only when the geometrical length of the chains exceeds
the correlation lengtht, originated by the intrachain exchange
interaction. If naturally occurring defects cut the chains in
segments with an average distance between two breaks that is
much smaller thag, ¥ T does not further increase on lowering

T but approaches a constant value.

(21) (a) Benelli, C.; Sessoli, R.; Rettori, A.; Pini, M. G.; Bartolgnte;
Bartolome J.J. Magn. Magn. Mater1995 1649. (b) Pini, M. G.; Rettori,
A. Phys. Re. B 1993 3240. (c) Harada, U. Phys. Soc. Jpri.984 1643.

(22) (a) Coulon, C.; Clerac, R.; Lecren, L.; Wernsdorfer, W.; Miyasakd&®hys.
Rev. B2004 69, 132408. (b) Ferbinteanu, M.; Miyasaka, H.; Wernsdorfer,
W.; Nakata, K.; Sugiura, K.; Yamashita, M.; Coulon, C.; Clerac)JRAm.
Chem. Soc2005 127, 3090.
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however, found at lower temperatures, and fitting of the data
was performed between 3.9 and 2.5 K, obtainig= 0.999
and a much lower slope 3.4+ 0.3 K. The deviation from the
straight line observed below 2.5 K is, however, accompanied
by a decrease in thel curve, as shown in Figure 4. This cannot
be due only to finite size effects but rather to the population at
low temperature of a less magnetic state as a consequence of
competing NN and NNN interactions, which in this compound
are almost perfectly balanced.

The Er chain gave satisfactory rescaling of the data on a
straight line in a slightly wider temperature range, spanning
between 4.2 and 2.1 K. EPR studies on the behavior of Er-

based compounds evidenced either an XY behavior or a mild
Figure 9. Scaling of the data for all the compounds using an Ising Ising anisotropyi! depending on the ligand field around the
temperature dependence of the susceptibility (see text) and plotting metal center. Linear regression gave an agreement fRctor

In()T-mol-K~1-emu?) versus 1T. Data for Th (blue pentagons), Dy (yellow e -
squares), Ho (green circles), and Er (violet triangles) compounds display 0.9996 and slope= 4.6+ 0.2 K, which is in agreement with a

the predicted scaling behavior, and the corresponding fits to the regions Close balancing of NN and NNN couplings.

with the linear regime are shown as gray lines. The behavior of Gd (red Eventually, the behavior of the Yb strongly resembles that

triangles) and Yb (orange rhomboids) compounds does not agree with the o - . . . T

scaling procedure. of Gd(Ill) with dominating AF interactions. This is in agreement
with earlier reports of almost isotropic behavior of the Yb(lll)

As mentioned above, this scaling procedure cannot be appliedions*! Interestingly, also the step in the magnetization curve
for Gd, which shows a dominant AF behavior. Fitting of the seems to correlate with the magnetic anisotropy. The presence
data, performed in the temperature range between 45 and 10 Kof the step, peculiarity of these rare-eartdiT-R chains, could
with a Curie-Weiss law, as shown in the Supporting Informa- be tentatively associated with a field-induced crossover between
tion (R= 0.9996), affords a Weiss temperatére= 5.6 K. This states with different alignment of the magnetic moments. Those
indicates that NNN antiferromagnetic interactions dominate as states are close in energy as a result of the competition of NN
interactions between Gd and nitrorylitroxides and are known  and NNN interactions. According to this picture, the realignment
to be ferromagneti&®23 The leveling ofyT observed at very ~ of the magnetic moments is expected to occur smoothly in
low temperature can be rationalized with the expected helical isotropic extended systems but abruptly when discrete magnetic
arrangement of the spins with the angle formed by similar spins states are present as in the ideal Ising system. Indeed, a well-
(Gd—Gd or Rad-Rad) that is close to, but not exactly, defined step has been experimentally observed in our investiga-

For the Tb chain, the scaling procedure gave a straight line, tion only for the anisotropic metal ions.
as shown in Figure 9, for the temperature range between 5.6 The static properties of this family of chain systems indicate
and 2.2 K. Below this temperature, finite size effects become that four out of six compounds have the prerequisites to display
important and produce a deviation from the linear regifne.  Glauber dynamics. The Gd and Yb compounds, in agreement
Linear regression performed on the data of the linear region with the literature, were found to lack the necessary requirement
gaveR = 0.9994 and a slope 9.1+ 0.5 K. This indicates a  of Ising anisotropy of the magnetic centers. The fact that the
mainly Ising behavior and, in the interplay between NN and rescaling procedure was possible in different temperature ranges
NNN couplings, dominant ferromagnetic interactions. Such a indicates that the compounds have very different anisotropies,
behavior is in agreement with data available in the literature, which become appreciable at different temperature ranges.
which report a rather strong Ising anisotropy of the ion, wgith Dynamic Magnetic Properties. The idea that Ising-type
values around 17, even greater than those of Dy, and vanishingmagnetic anisotropy can influence the relaxation of purely one-
gt dimensional magnets was first theoretically suggested by

The results obtained for the Dy compound have already beeng|auber in the 1960% Although the physics of real systems is
discussed? but to allow easy comparison with the results on ggmewhat more complicated, giving birth to new and very
the other chains, we report the results of the scaling procedureimeresting phenomena, this theory is still the basis of the
in Figure 9 and the main parameters in Table 2. Itis to be noted explanation of the slow relaxing behavior observed in SCMs.
that the temperature range in which the scaling procedure is | gl systems reported in the literature, a frequency-dependent
valid is between 8.6 and 3.7 K, shifted to higher temperatures peak in theac susceptibility was observed, and below a blocking
compared to that of the Tb chain. Again, below this temperature, temperatureTp, the dynamics of the magnetization reversal
finite size effects are expected. becomes slower than the time of the experiment, giving rise to

The Ho compound also shows a rather clear indication of g hysteresis loop and a difference between the Zero-Field-Cooled
Ising anisotropy, again in agreement with the behavior reported anq the Field-Cooled curves. According to Glauber’s theory,
in the literaturel! as shown in Figure 9. The linear regime is, an Ising chain shows exponential divergence of the relaxation

T o T : time of the magnetization on decreasing the temperature,
(#3) {9 TA1-(0) Sutter, 3. P Kalhn M. L: Golhen: S.- Ouahab. L. Kahn, 0. Toe™eT with A = 4], wherel, as stated above, corresponds to
Chem:-—Eur. J. 1998 4, 571. (c) Kahn, M. L; Sutter, J. P., Golhen, S.; - the NN exchange energy and includes the product of the

Guionneau, P.; Ouahab, L.; Kahn, O.; Chasseau).DAm. Chem. Soc. . X . .
200Q 122, 3413. interacting spins. The temperature dependence of the relaxation

(24) Bogani, L.; Sessoli, R.; Pini, M. G.; Rettori, A.; Novak, M. A.; Rosa, P;
Massi, M.; Fedi, M. E.; Guintini, L.; Caneschi, A.; Gatteschi, Bhys.

Rev. B 2005 72, 064406.

(25) Glauber, R. JJ. Math. Phys1963 4, 294.
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-6 compound, where the much stronger exchange interaction leads
to a rapid increase af.2*
7 The extracted Argand plot (as depicted in the bottom part of
84 Figure 10) could be fitted with an extended Debye model for
the whole temperature range investigated, by use of the
-9 ) following relation?®
o o 7' (emu mol™) g
< -10- 00 05 10 15
- T C ' ' ' . Xt~ Xs
2 x(w)=ys+t —— =
-11 - 1+ (iw7)
£
12+ < [ where y7 is the isothermal susceptibilityys the adiabatic
015 o susceptibility,w is the frequency of thac field, andt is the
'13 T T T T - . .
0.16 0.20 0.24 0.28 relaxation time of the system at the temperature at which the
-1 -1 fit is performed. The fitting procedure gave good agreement at
T f K all temperatures (the worst value found frwas 0.987) and
Figure 10. Arrhenius plot extracted for the [Tb(hfagNITPhOPh)] chain. afforded an always identical value of 0.10+ 0.01. This value
Linear regression performed on the data gave = (9.6 + 0.4) x 10°s is in good agreement with previously reported values for other

and an energy barrigx = 45+ 1 K with anR = 0.9995. Squares represent  SCMg and suggests a very narrow distribution of relaxation
data points, and the line is the fit to the data. (Inset) Argand diagram taken fi | t inal | ti ti ted f

at 4.95 K in the frequency range of 110 Hz to 20 kHz. Circles are the [MeS, ClOS€ 10 a Singleé relaxation tme, as expected for
experimental points, while the line represents a fitting with an extended Superparamagnetic-like dynamics. It must be noted that a rather

Debye model witho = 0.10+ 0.03 andR? = 0.999. high value ofyr, about 0.29t 0.05 emu/mol, was found at all
temperatures. This indicates that the system is not wholly
time then depends on an energy barrier proportional to the affected by the slow relaxing dynamics: there are parts of it
exchange coupling constant and to the spin values and on athat can follow the alternating field. This can be ascribed for
prefactor parameter, that represents the flipping rate of an  powder sample to transversal components of the magnetization

isolated spin. that are free to relax fast and can thus follow the alternating
Finite size effects that limit the low-temperature divergence field of the ac experiments.
of 4T also affect the dynamic properti&g?* When the correla- The Dy data were already reported and discus3éd the

tion length exceeds the geometrical length of the chains, the main dynamical parameters are summarized in Table 3 for easy
process of relaxation starts at one end of the segment with acomparison. Briefly, the Arrhenius law showed the presence
halved energy cogt. The energy barrier thus becomés= 2J of a crossover at 3.7 K, interpreted as the passage between the
with a crossover between the two dynamic regimes that hasinfinite and finite size regimes. Indeed, this is the temperature
been indeed observed for the Dy chain, as well as for a at which the scaling procedure shows important finite size
Mn(lll) —Fe(lll) chain’f effects.

Data for the Th compound (reported in the left part of Figure ~ Data for the Ho compound are less straightforward to
8) are a clear signature of SCM behavior. From the position of interpret. Theg" signal shows the presence of some crossover
the maximum of the imaginary component of the susceptibility, around 2.25 K. The Arrhenius diagram for the compound,
%", we extracted the relaxation time, defined @3mna) = extracted as for the previous chains, is depicted in the upper
1/(27v). Plotting these data as In(versus 1T and fitting them ~ part of Figure 11.
using the Arrhenius law afforded the plot depicted in the upper A slight kink is visible around 2.25 K, but the limited
part of Figure 10. No trace of crossover, contrary to what found temperature range spanned by the data prevents a sure inter-
for the Dy chain, can be identified. Linear fit of the daR= pretation of this feature. Separate fitting of both the low- and
0.9998) gave an activation energyof 45 + 1 K and aro value high-temperature data was anyway possible, as shown in Figure
of (9.6 0.4) x 1079 s. This latter parameter is rather long, in  11. Fitting of the low-temperature regioR ¢ 0.9991) gave a
perfect agreement with a superparamagnetic-like character ofslopeA’ = 18+ 2 K and a pre-exponential factof = (4.4 +
the relaxation dynamics. The barrier, on the contrary, is smaller 0.6) x 10°¢s, while the high-temperature region was well fitted
than that in the Dy chain. The absence of the crossover is in (R = 0.993) with a slopeA” = 34 + 2 K and7"o = (2.6 &
agreement with the observation of finite size effects on the 0.5)x 107**s. Both prefactors are physically sound values for
rescaling plot only below the temperature range investigated the flipping rate of an isolated spin. The fact that théncreases
with the ac susceptibility measurements. As the peak temper- in the low-temperature regime, instead of decreasing, indicates
atures used to extract the Arrhenius law are much higher thanthat we are not in the presence of a crossover to a Spin Glass-
those of the deviation from the linear regime in the rescaling like dynamics?® Moreover, the spacing between the peaks

plot of Figure 9, we can exclude that finite size effects are Obtained at different, logarithmically spaced, frequencies does
affecting the dynamics. We can also notice that, in the Notdecrease, as one would expectin the case of a system where

temperature range Where, the dynamical features sl’e .Observe?ZG) Bogani, L.; Caneschi, A.; Fedi, M.; Gatteschi, D.; Massi, M.; Novak, M.
(around 5 K), the correlation length, calculatecedésT, using A.; Pini, M. G.; Rettori, A.; Sessoli, R.; Vindigni, A2hys. Re. Lett.2004

; ; i 92, 207204.
the slope, Sl, of the rescaling procedure is around 6 spins, much(27) Dasilva, J. K. L. Moreira, A. G.: Soares, M. S.. Barreto, . CPBys.

shorter than the expected average distance between two naturally ~ Re. E 1995 52, 4527.

; ; ; 28) Cole, K. S.; Cole, R. HJ. Chem. Physl1941, 9, 341.
_OC_CL_Imn_g qefeCts' The system has then to b? considered in th%ZQ) Mydosh, J. A.Spin Glasses: An Experimental Introductjohaylor &
infinite limit, contrary to what was observed in the CoPhOMe Francis Ltd.: London, 1993.
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Table 3. Main Magnetic Data Extracted from the Dynamic Properties of the Chain Compounds?

rare earth SI(K) A (K) 7' (S) A" (K) 7" (S) o
Tb 9.1+ 0.5 N.A. N.A. 45+ 1 (9.6+0.4) x 10°° 0.10+ 0.03
DyP 18.2+ 0.3 42+ 1 (5.640.4) x 10710 69+1 (1.940.4) x 10712 0.16+ 0.01
Ho 3.4+0.3 18+ 2 (4.4+0.5)x 1078 34+2 (2.640.6) x 10711 0.22+ 0.07
Er 4.6+ 0.2 N.A. N.A. N.A. N.A. N.A.

aThe barrier A) and attempt time valuegd) were extracted from fitting of the Arrhenius plots. The superscriptar{d (') were adopted to indicate
parameters in the finite size and infinite regimes, respectively. The values/efe obtained from fitting of the Argand plots with an extended Debye model
(see text)P Parameters extracted from data repotfed.

- We notice in Table 3 that this parameter ranges over ca. 4
-7 orders of magnitude, being largest for Tb and smallest for Dy.
In SMMs, the value of this parameter has been linked to the
-8 availability of suitable low-energy phonon states that allow for
P the reversal of the magnetization and has been shown to depend
W 91 7' (emu mol™) on the fifth power of the sound speed in the sys#&nim our
< &121 2 3 4 isostructural family, the speed of sound is expected to be
= -101 s ' ' constant; and therefore, the wide variation 7 has to be
E 0.9 attributed to the electronic properties of the rare-earth ions.
-114 g 08 The definition of a blocking temperature is not unambiguous
12 ;:; ' as directly related to the time window of the experimental
o technique. Inac experiments, we notice that the blocking
040 045 050 055 temperature decreases in the order Th, Dy, Ho, Er, confirming
T -1/ K-1 the key role played by the pre-exponential factor in the
investigated temperature range. This trend parallels that observed
Figure 11. Arrhenius plot extracted for the [Ho(hfagNITPhOPh)] chain. in the magnetic anisotropy and is in agreement with previous
Linear regression performed on data between 2.7 and 2.35 K gaie=a observation in lanthanidephthalocyanine SMM&® For longer

(2.6 4 0.4) x 1015 and an energy barrié” = 34 + 2 K with anR= . .
0.9991. Linear regression of the low-temperature region<2.% K) gave time scales, which correspond to lower temperatures, the largest

7'0= (4.4+ 0.4) x 10°8s andA’' = 18 + 2 K with anR = 0.993. Squares exchange interaction observed in the Dy derivative dominates.
are data points, black lines the two fits, and the gray line is a tentative fit )
to all the points. (Inset) Argand diagram taken at 2.4 K (circles) in the Concluding Remarks

frequency range of 110 Hz to 20 kHz. Circles are the experimental points, . .
while the line represents fitting with an extended Debye model wita In this study, we have presented the second ever family of

0.22+ 0.07 andR? = 0.998. single chain magnet compounds. The creation of such groups
of systems is clearly important to obtain insights into the
three-dimensional interactions are becoming important. The parameters that can affect the relaxing behavior and then to tune
passage from the infinite to finite size regimes, as observed inthem so as to observe slow magnetic relaxation at higher
the Dy chain, could be supported by the almost exact halving temperature. The family of chain compounds reported in this
of the barrier; however, it must be noted that its value is paper is the first based on rare earths and has the unprecedented
significantly larger than that estimated from the scaling of the characteristics of allowing easy substitution of the magnetic
«T curve. Moreover, the crossover temperature coincides with center. Thanks to this synthetic advance, we could investigate
the maximum in the statigT curve. the variation of the magnetic properties as a function of the
The extracted Argand plots, shown in the inset of Figure 11, anisotropy of the metal centers. The only chains to display a
could be fitted with an extended Debye model in the whole SCM behavior were those with clear signatures of Ising
temperature range (worB8 = 0.989). Such fittings gave a anisotropy, as predicted.
mean value of 0.22t 0.07 that remained almost unvaried in ~ The comparison of the energy barrier estimated duy
the whole temperature range accessible to us. A slight decreasingusceptometry to the slope in the scaling procedure ofThe
trend, at the limit of the sensibility of the extraction procedure, curves shows that the former is always significantly larger than
was observed on lowering the temperature from 2.60K=( the latter. Therefore, the relaxation mechanism in this family
0.27+ 0.04) to 1.9 K ¢ = 0.20+ 0.03), which is again the =~ of SCMs is not well described by the simple Glauber model. It
contrary of what was expected for a Spin Glass or a system appears that an additional contribution is present that can be
close to three-dimensional orderi#An even higher value of associated with the relaxation of the single ion. This mechanism
the ys parameter was found, around 1.15 emu/mol, suggestinghas been already proposeéor SCMs based on a Mn(IH)
that the transverse components free to follow the alternating Fe(lll)=Mn(lll) trimeric unit that, on its own, behaves indeed
field are here more important. as a SMM with its own energy barriér. The total barrier has
been in first approximation assumed tohe= 2] + 6 or A =
4J) + 0, depending if the system is in the finite size regime or
not, respectively?

Data recorded for the Er compound did not allow for reliable
extraction of the relevant parameters of the dynamics, but clearly
show a much faster relaxation, even if the slope extracted from X ) ] ) ) ) )
the scaling procedure of Figure 9 is higher than that of the Monomeric species of anisotropic rare-earth ions in a high
preceding Ho analogue. On the other hand, the temperature afymmetry environment have recently been widely investigated
which slow re_laxatlon becomes observable also depends on the(30) Villain, J.; Hartmann-Boutron, F.; Sessoli, R.; Rettori,EAurophys. Lett.
pre-exponential factoty. 1994 27, 159.
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investigated, a sensible increase in the blocking temperature

could be obtained. The analysis of the dynamic properties of ~ Supporting Information Available: Additional magnetic data
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