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An extensive series of tetranuclear Cu',Ln", complexes [Cu'LLn"(hfac),], (with Ln"" being all lanthanide(lll) ions
except for the radioactive Pm'") has been prepared in order to investigate the nature of the Cu'-Ln"" magnetic
interactions and to try to answer the following question: What makes the Cu",Th", and Cu",Dy", complexes single
molecule magnets while the other complexes are not? All the complexes within this series possess a similar cyclic
tetranuclear structure, in which the Cu" and Ln" ions are arrayed alternately via bridges of ligand complex (Cu''L).
Regular SQUID magnetometry measurements have been performed on the series. The temperature-dependent
magnetic susceptibilities from 2 to 300 K and the field-dependent magnetizations from 0 to 5 T at 2 K have been
measured for the Cu',Ln", and Ni',Ln", complexes, with the Ni',Ln", complex containing diamagnetic Ni" ions
being used as a reference for the evaluation of the Cu'-Ln"" magnetic interactions. These measurements have
revealed that the interactions between Cu" and Ln" ions are very weakly antiferromagnetic if Ln = Ce, Nd, Sm,
Yb, ferromagnetic if Ln = Gd, Tb, Dy, Ho, Er, Tm, and negligible if Ln = La, Eu, Pr, Lu. With the same goal of
better understanding the evolution of the intramolecular magnetic interactions, X-ray magnetic circular dichroism
(XMCD) has also been measured on Cu',Th",, Cu",Dy",, and Ni',Th", complexes, either at the L- and M-edges
of the metal ions or at the K-edge of the N and O atoms. Last, the Cu",Th", complex exhibiting SMM behavior has
received a closer examination of its low temperature magnetic properties down to 0.1 K. These particular
measurements have revealed the unusual very slow setting-up of a 3D order below 0.6 K.

Introduction attention* On the basis of the theoretical and experimental
results reported so far, it is now well-established that the
required conditions for the observation of such a particular
behavior are a high spin ground state and a large easy-axis
type magnetic anisotropy. This then results in a magnetic
bistable molecule with a significant energy barrier to
*To whom correspondence should be addressed. E-mail: naohide@ thermally activated magnetization relaxatforSince the
aster.sci.kumamoto-u.ac.jp (N.M.), gallani@ipcms.u-strasbg.fr (J.-L.G.). conditions to be an SMM, high spin ground state and
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# Universitadegli Studi “G. D’Annunzio”. magnetic anisotropy, are not easily achieved and the blocking

Since the first discovery in 1993 that the metallic cluster
called Mn acetate, or Mg}, could behave as a magnet, i.e.,
retain some magnetization at the molecular level, so-called
single molecule magnets or SMMs have attracted special

I§|University of Wroclaw. temperaturegg of the SMM reported so far are still well

Dlg%ﬂss\}_ below liquid helium temperature, alternative and new mo-
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reported that TH, Dy"', and Hd' phtalocyanines exibit SMM

[Cu'eDy"'3] nonanuclear complexésa [FE'"Dy'"'] binuclear

behavior showing that even a mononuclear 4f molecule cancomplexi®@ and a [CUDy";,] trinuclear comple¥® have

behave as an SMMOn the basis of the conditions of high-

appeared in the most recent literature. These studies dem-

spin ground state and magnetic anisotropy required for onstrate that the f cluster approach is a very promising

SMMs, we designed a cyclic tetranuclear [GTb'"]
complex, [CULTh" (hfac)],, and reported the first 3elf
SMM published in the literature, wheresH = 1-(2-
hydroxybenzamido)-2-(2-hydroxy-3-methoxybenzylidene-
amino)ethylene, and Hhfae= hexafluoroacetylacetorfe.
There are several advantages in favor of the &tapproach
for building up molecules with SMM behavior: (1) the high-

pathway to SMMs.

At present, only the f and-¢f complexes involving TH,
Dy"', and Hd' ions have been reported to show SMM
behavior. Among the 15 lanthanide ions, 12 exhibit magnetic
anisotropy due to the first-order orbital angular momentum
while La" and LU" are diamagnetic and @dis spin-only.
(The ground state electronic properties of thé'lions are

spin ground state can be obtained by the ferromagneticgiven in a table of Supporting Information.) Since thefd

coupling between 3d and 4f ions, and (2) the molecular

complexes with the 12 "hions of [CU'LLN" (hfac)], might

magnetic anisotropy is derived from the 4f-component such retain the magnetic anisotropy, the possibility of getting
as the TH ion. In recent years, the molecular design of SMM behavior with some of these complexes deserved to
SMMs and single-chain magnets (SCMs) containing f-block be investigated. In this study, we therefore prepared a whole

elements has attracted much attenfiok.Christou’s group
and Pecoraro’s gro@pynthesized MA—Dy'"" clusters and
reported their magnetic properties. [MnDy" 4] and [Mn"' -
Dy'"';] clusters reported by Christou’s grduare confirmed

series of the ClyLn"', complexes with all lanthanide ions,
except for the radioactive P The goal was to investigate
the nature of the Cu-Ln"' magnetic interactions and to try
to answer the following question: Which lanthanide should

to exhibit temperature and sweep rate dependent hysteresige associated to ¢un [Cu'LLn" (hfac)], for synthesizing
loops, a trademark of all SMMs. Furthermore, several reports single molecule magnets? Some of the complexes reported

on d—f clusters, [CUTb"] binuclear and [Cl,Tb" ;] tetra-
nuclear complexe$,a [CU'Th",] pentanuclear complek,
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in this paper (L= Eu, Gd, Tb, and Dy) have already been
studied with the results published elsewh&rand prelimi-
nary results on the SMM behavior of the'GTb" , and Cul -
Dy'', complexes have also been reportatfe now present

a much more detailed investigation, which results from very
specialized techniques, namely very low temperature SQUID
magnetometry and X-ray magnetic circular dichroism
(XMCD). As will be shown hereafter, the SMM behavior
of the CU,Th", complex is now confirmed thanks to these
complementary SQUID measurements, which have also
revealed the unusual very slow setting-up of 3D order below
0.6 K. The XMCD measurements provide some insight on
the magnetic moments on the metallic ions and on the
polarization of oxygen atoms.

Results and Discussion

Synthesis and Characterization of Cyclic Tetranuclear
Cu',Ln", and Ni'",Ln" , Complexes [M'LLn " (hfac),]».
A complete series of tetranuclear'Gun' , complexes [Cl+
LLn"(hfac)], has been prepared according to the method
reported previously, where I'ndenotes all lanthanide(lll)
ions except for the radioactive Pm H:L denotes an
unsymmetrical tetradentate ligand, 1-(2-hydroxybenzamido)-
2-(2-hydroxy-3-methoxybenzylideneamino)ethylene, and Hh-
fac denotes hexafluoroacetylacetéheAs is shown in
Scheme 1, the simple mixing of methanolic solutions of
K[Cu"L]*®and LA"(hfack(H20), in a 1:1 mole ratio gave a
tetranuclear complex, [GuLn" (hfac)],, in high yields (ca.
90%), where one hfacligand per L#' ion is eliminated
during the reaction to give an electrically neutral species
[CU'LLn"(hfac)].. The reference complexes containing the

(12) (a) Kido, T.; Nagasato, S.; Sunatsuki, Y.; Matsumoto, Ghem.
Commun.200Q 2113-2114. (b) Kido, T.; Ikuta, Y.; Sunatsuki, Y.;
Ogawa, Y.; Matsumoto, N.; Re, Nhorg. Chem2003 42, 398-408.

(13) Sunatsuki, Y.; Matsuo, T.; Nakamura, M.; Kai, F.; Matsumoto, N.;
Tuchagues, J.-MBull. Chem. Soc. Jprl998 71, 2611-2619.
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Scheme 1. Reaction Scheme from K[C'w] (or K[Ni"L]-2H,0) and L (hfack(H20). in a 1:1 Mole Ratio to Electrically Neutral Species
[CU'LLn" (hfac)]2 (or [Ni"LLn" (hfac)],)

2 (l\mu/o +2 H;o e —_— L d 0/ \
W o F,c\(\( / \ o, \g/ % \

M'L] Ln"(hfac); + 2H,0 M'LLAM(hfac),],
(M" = CU", Ni")

diamagnetic Niion, [Ni'"LLn" (hfac)],, were prepared with  alternately. In the cyclic structure, the €aomplex func-
a method similar to that used for preparing [Cun" - tions as an electrically mononegative “bridging ligand-
(hfac)y], by mixing K[Ni"L]-2H,0* and LA" (hfack(H,0)s. complex” to the two GH ions. The two phenoxo (O(2) and
Elemental analytical data for C, H, and N elements of all 28 O(3)) and the methoxy (O(4)) atoms at one side of the
complexes agree well with their calculated values, and theseplanar Cli complex coordinate to a ®dion as a triden-
data are given as Supporting Information. Each infrared tate ligand with distances of GaD(2) = 2.467(3) A, Ga-
spectrum of the tetranuclear complexes '[0OLn" (hfac))]» 0O(3) = 2.350(3) A, Gd-O(4) = 2.542(3) A, and CuGd
and [Ni'LLn"(hfac)], exhibits an intense absorption band = 3.432(1) A. The amido oxygen atom (O(1)) on the
assignable to therc—o vibration of the amido moiety at  opposite side of the Cu complex coordinates to anothét Gd
1651-1652 cmt, whose wavenumber is shifted to a higher ion as a monodentate ligand with the distance of G@%{1)
value from 1644 cm' of the component complex K[(U] = 2.275(3) A and CuGd* = 5.620(3) A. Including the
and from 1625 cm'® of K[Ni'"L]-2H,0.13 coordination of the two hfacions as a bidentate chelate
This shift is related to the weaker coordination of the ligand (Gd-O = 2.337(4)-2.407(4) A), the Gd ion has an
amido group to the L ion, as compared to the coordination octacoordinate geometry with the Gxygen atoms. It should
of the amido group to the Kion.? Since Cu,Ln", and be noted that the GO bond distance with the amido
Ni",Ln"", complexes are sparingly soluble in water and oxygen is the shortest among the eight-&al coordination
common organic solvents, recrystallization was not per- bonds. In a cyclic structure, there is no bridging ligand
formed. Well-grown crystals were obtained using the dif- between the two Cuions and between the two Bdons.
fusion method. The crystalline samples obtained this way The cyclic tetranuclear molecules are separated in the
were used for all the physical measurements including crystal, and the compound can be described as an isolated
elemental analyses, infrared spectra, X-ray analyses, andnolecule.
magnetic measurements. Static Magnetic Properties of CU',Ln"', Complexes.
Structural Description of Cu'',2Ln'", and Ni',Ln"', The magnetic susceptibilitiesgu’s, of all tetranuclear
Complexes.Well-grown crystals of ClLn", complexes  complexes [CULLn" (hfac)], from the series have been
suitable for the single-crystal X-ray diffraction study were measured under an external applied magnetic field of
obtained using the diffusion method, but those df;Nin'', 1 T in the temperature range-300 K. The plots ofyuT
complexes were not obtained. The powder X-ray diffraction versus temperatur& are shown in Figure 2a,b. It can be
patterns showed that the Gun", complexes are isomor-  seen that, except for those involving the Gd, Tb, and Dy
phous to each other. The powder X-ray diffraction patterns
showed that the NjLn'"', complexes are isomorphous to
each other but are not isomorphous to the'"({£no",
complexes. FAB-MS of the NjLn"', complexes shows a
molecular ion peak corresponding to the tetranuclear species
[NioLoLny(hfack] ™, indicating that the NiLn", complex
assumes a tetranuclear structure similar to that of tHe-Cu
Ln"', complex. The crystal structures of selected'£a'"',
complexes with Gd, Th, and Dy were determined by single-
crystal X-ray diffraction analyses and have been reported
previously?? Their crystallographic data revealed that
they are isomorphous to each other. Figure 1 shows a cyclic
Cu',Gd", tetranuclear structure with the atom numberlng Figure 1. Molecular structure of cyclic tetranuclear complex [CGd"' -
(hfacy], with selected atom labeling scheme. The hydrogen atoms are
scheme, in which the CyC“C tetranuclear molecule has an omitted for clarity. The structure is drawn from the data reported
inversion center and the €wand Gd' ions are arrayed  previously!?
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Figure 2. Evolution ofymT vs temperatureT) for the whole series of CuLn''; complexes. (a) Plots for the complexes with Ce, Pr, Nd, Sm, Eu, and Yb.
(b) Plots for the complexes with Gd, Tb, Dy, Ho, Er, and Tm.

Figure 3. Field dependence of the magnetizatidnat 2 K as afunction of the applied magnetic field for the whole series of tetranuclear 'Gun',
complexes. (a) Plots for the complexes with La, Ce, Pr, Nd, Sm, Eu, Yb, and Lu as being notétLa¥ .Gb) Plots for the complexes with Gd, Tb, Dy,
Ho, Er, and Tm as being noted as'Cua'"'.

Figure 4. Plots of A(T) = (ymT)cuztnz — (xmT)nizLnz VS temperaturd for all tetranuclear CloLn'"', complexes. (a) Plots for the complexes with Ce, Pr,
Nd, Eu, and Yb as being noted as'Cun'"'". (b) Plots for the complexes with Gd, Th, Dy, Ho, Er, and Tm as being noted Hsntu

ions, all complexes showed the decrease of#h€ value variable A defined asA(T) = (ymT)cuzinz — (¢mT)NizLn2s

on lowering the temperature. obtained experimentally. By assuming negligible intramo-
The field-dependent magnetizations were measured at 2lecular L' “Ln" and Cl~Cu' magnetic interactions due

K with an applied magnetic field of -85 T. Figure 3a,b to the lack of magnetic mediators, we can immediately write

shows the magnetizatidvl as a function of the applied field  the equatiomA(T) = (ymT)cuzinz — (mTNizLnz = 2(mT)cu

H for all the CU/,Ln"", complexes. The magnetization curves + 2Jcun(T), Where fvT)c, represents theu T value imput-

of the complexes with Gd, Tb, and Dy show a rather abrupt able to an isolated Ciuon (Curie constantyT)cy, = 0.375

increase in weak magnetic fields (in particular the Tt , cm?K-mol™?) and the temperature-dependent contribution

complex) whereas the magnetization of the other complexesJcu«(T) is related to the nature of the overall exchange

does not even saturate (e.g.,"@am', or Cu',Cd'',). interactions between the €and LA" ions. In particular, a
Nature of the Magnetic Interaction between Cl! and positive or a negative value of this contribution is directly

Ln" lons. The nature of the magnetic interactions in the related to a ferro- or antiferromagnetic interaction, respec-
complexes between ¢and L' ions was first investigated  tively. The plots of A(T) versusT for all compounds are
by an empirical approach based on a comparison of thegiven in Figure 4a,b. SinceJ2un(T) = A(T) — 2(mT)cuw,
magnetic susceptibilities of ®Ln", with those of the  when the A(T) value is larger than 2(T)c, = 0.75
isostructural NioLn"', complexes involving the diamagnetic cm®-K-mol™1, 2Jc,(T) is positive, and consequently, the
Ni" ion. For these comparisons, we shall make use of the magnetic interactions between 'Cland LA" ions are

Inorganic Chemistry, Vol. 46, No. 11, 2007 4461
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Figure 5. Plots of A(H) = McuaindH) — Mnizun2(H) vs H for the whole series of tetranuclear 'Gun"'; complexes. Black solid lines are the theoretical
magnetization curves (Brillouin functions) of two independent @us withS= 1/, andg = 2.00. (a) Plots for the complexes with La, Ce, Pr, Nd, Sm, Eu,
Yb, and Lu. (b) Plots for the complexes with Gd, Tb, Dy, Ho, Er, and Tm.

Figure 6. Plots of the in-phasgw'T signal (top row) vsI and out-of-phasgy’’ (bottom row) signal vd in ac magnetic susceptibility, where the frequencies
for Cu',Th'"; and Cl,Dy"', complexes are 20, 50, 100, 150, 200, 300, 400, 500, 600, 700, 800, 900, and 1000 HZ,{&)"etop curves) and Ni-
Tb",NiTb (bottom curve). (b) ClpDy", (top curves) and NpDy'"', (bottom curve). The plots of the NiTb" , and Ni',Dy", showed no frequency dependence.

ferromagnetic. As shown in Figure 4, tldT) values for M is the magnetization measured on the complex denoted
the complexes with Ce, Pr, Nd, Eu, and Yb (cal by the subscript. By assuming again negligible"krLn"
cm®-K-mol 1) are close to that of 2(T)cy = 0.75 and Cu—Cu' interactions, this parametarmay be obtained
cmi-K-mol™?, suggesting negligible or very weak magnetic from the relatiorA(H) = McyaindH) — Mnizinz(H) = 2Mcyr
interaction. Among them, thé(T) value of Ce and Nd  (H) + 2Jcun(H), where Mc(H) is the magnetization for
complexes decreases from 0.75%mol™ in the higher two independent Cuions that can be calculated by the
temperature region with the decrease of the temperature Brillouin function while the extra contributionJd2, ,(H) is
suggesting weak antiferromagnetic interactions at low tem- related to the nature of the overall exchange magnetic
perature. On the other hand, as shown in Figure 4bAthe interactions between the €and LA" ions. As the quantity
(T) values for the complexes with Gd, Th, Dy, Ho, Er, and (A(H) — 2Mc,(H)) represents the deviation from the limit
Tm are larger than 0.75 c¢aK-mol™t and increase on  situation of magnetically independent 'Cand LA" ions,
lowering the temperature, indicating stronger ferromagnetic positive values oflcy.n(H), i.e., A(H) lying above Mc,(H),
interactions. This is especially true for the complexes with indicate ferromagnetic GuLn"" interactions while negative
Gd, Th, Dy, and Er, for whiciA(T) reaches particularly high  values ofJcyn(H), i.e., A(H) lying below 2Mc(H), indicate
values, suggesting relatively strong interactions. Interestingly, antiferromagnetic Cl-Ln"" interactions.
the CU,Th", complex seems to have the larg&(T) value The values of the parameté(H) are plotted in Figure
at all temperatures. 5a,b for all compounds and compared with the Brillouin
Analogous informations on the magnetic interactions function of two independent Ctuions. From Figure 5a, we
between Cliand Lr" ions can be obtained by applying the see that the\(H) versusH plots for La, Pr, Eu, and Lu are
same empirical approach to the magnetization values. Letvery close to the theoretical values dfig(H), indicating
us now defineA asA(H) = McuaindH) — Mnizin2(H), where no detectable magnetic interactions in these complexes,

4462 Inorganic Chemistry, Vol. 46, No. 11, 2007



Magnetic Interactions in Cl—Ln"' Complexes

where Ld' and LU" ions are diamagnetic. The plots for Ce,
Nd, Sm, and Yb lie a little belowMc(H) in the whole range
of H, suggesting a weak antiferromagnetic nature of the
interaction. Figure 4b shows that tiddH) versusH plots
for Gd, Tb, Dy, Ho, Er, and Tm lie well aboveVR:(H) in
the whole range o, thus confirming the ferromagnetic
nature of the interaction between 'Cand LA" ions. The
A(H) values for Gd, Tb, Dy, and Er are not only larger than
the 2Mc(H) value but also show a steep initial increase up
to a maximum occurring between 0.2 and 0.7 T, and then
remain almost constant.
Regarding the nature of the magnetic interaction between
Cu' and Ld" ions in these complexes, the results from the
field dependent magnetization measurements are consistent
not only with the results from the temperature-dependent
magnetic susceptibility measurements, but also with the
results of dinuclear [ClLn"'] complexes by Costes et af.,
2D ladder-type [LH ,Cu's] complexes by Kahn et al5,and Figure 7. Plots ofyw'T andyw" signals for ClizLn"'> complexes (Lr=
. . _ Ho, Er, and Tm), showing no frequency dependence, where the frequencies
trinuclear complexes [CdlLn" (L)2(NOs)z] with HoL = 2,6- are varied from 1 to 1000 Hz.
di(acetoacetyl)pyridine by Okawa et4l.

Alternating Field Magnetic Properties of Cu'",Ln"', 0.05 ' ' ' ' '
Complexes with Ln= Gd, Tb, Dy, Ho, Er, and Tm. The
six Cu',Ln", complexes exhibiting ferromagnetic interac- _ 004}
tions have been further examined by ac magnetic susceptibil- 'g
ity measurements, since one of the characteristics of an SMM % 0.03 L
is the observation of an out-of-phagg () ac susceptibility E
signal. The temperature dependent ac magnetic measurements $ o2l
were carried out in a 3.0 G field oscillating at the indicated 7: '
frequencies (1000 Hz) and with a zero dc field, down to
the lowest temperature of 1.8 K. Complexes with Tb and 0.01 -
Dy exhibit a frequency dependence of thg' and ym"
signals, while other complexes with Gd, Ho, Er, and Tm 0 .

show no frequency dependence under the experimental 0 o0z o4 ffK 08 1 12

conditions. Figure 6a shows the results of the ac magneticF. . - "

- " | " igure 8 Inverse of the magnetic susc_eptlt_)lllty of Gib'"', complex as
susceptibility measurements for Guib", and Ni';Th'", a function of temperature. The measuring field was 5 Oe, and the sample
complexes, as plots gfu'T andym''. Figure 6b shows the  was cooled from 1.2 K with a cooling rate of 0.15 K/h.
results of the ac magnetic susceptibility measurements for
Cu',Dy", and NI',Dy",. The out-of-phase componens” ) .
of both CU;Th", and Cul,Dy", complexes shows frequency ~ PIOtS Of xu'T versusT and those ofyy” versusT. These
dependence, but a maximum j'" is only observed for ~ COMPlexes showed no frequency dependent signats'at
CU',Tb",. We have examined whether the slow relaxation 2ndxu”, indicating that this complex is not an SMM.
of the magnetization really arises from the ferromagnetic _ Very Low Temperature Measurements on CU,Tb",
coupling in CU,Tb", and Cu,Dy", complexes or if it is Complex. Because of the promising dynamic response
just intrinsic to the TH and Dy centers by studying the ~ Observed above 1.8 K for the [CuiTb'" (hfac)], complex,
analogous complexes NTb", and Ni',Dy", with Ni'" in an additional study at the very low temperature region has
place of Cll. As can be seen in Figure 6a,b,"sib", and been made for this complex, with some surprising results.
Ni",Dy" , complexes show no frequency-dependent signals The inverse of th.e dc magnetic sus.cept.ibiIj(tylmfdc is
in the same temperature range, demonstrating that the preserftlotted as a function of temperature in Figure 8. A small
SMM behavior is not due to the sole "for Dy" centers. external magnetic field of 5 Oe was applied at 1.2 K, and
These results are consistent with those of dinucledr-cu  the sample was field-cooled (FC) to 0.1 K with a cooling
Tb'" complex studied by Costes etal. rate of 0.15 K/hj . _

Figure 7 shows the results of the ac magnetic susceptibility ~1he weak antiferromagnetic interaction between clusters

measurements of the complexes with Ho, Er, and Tm as thePreviously evidenced (see Figure 4b) by a decreagiif
below 10 K is seen to persist down to approximately 0.5 K

(14) Costes, J.-P.; Dahan, F.; Dupuis, A.; Laurent, Tifem. Eur. J1998 in this plot; i.e., the data are more or less linear from 1.2 to

4, 1616-1620. _ 0.6 K, and an extrapolation of this trend to zero intercepts
(15) gggp M.L.; Mathoniere, C.; Kahn, @norg. Chem1999 38, 3692~ the negative temperature axis. However, below 0.5 K, an
(16) Shiga, T.; Ohba, M.; Okawa, #horg. Chem 2004 43, 4435-4446. abrupt crossover to predominantly ferromagnetic interactions
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Figure 10. Plot of In(r) vs 1IT. The temperature corresponding to a
characteristic relaxation timewas determined by the position of the out-
of-phase ac susceptibilityy" peaks in Figure 9b. The high frequency and
high temperatureX2 K) data points (blue circles) have been fit to a straight
line (dashed blue line). The low frequency and low temperature data points
are taken from the peaks jm'"' below 1 K. The dashed red line is a fit to
the lowest frequency data points with= 7o(T/T; — 1)~# which describes
critical slowing down near a phase transition.

Figure 9. (a) In-phase ac susceptibiligy' shown for a few representative
frequencies and the zero field cooled (ZFC) and field cooled (FC) dc
susceptibilityym—qc plotted against temperature for [urb'" (hfac)].. (b)

The out-of-phase ac susceptibilityy" shows two distinct peaks for
frequencies greater than 5 Hz, but only one peak is observed at low
frequency, which becomes very sharp at 0.001 Hz.

takes place. This is seen in Figure 9a, where the same data
(blue points) are plotted ggs—qc versusT.

Below 05 K a dramatic increase in the FC susceptibility
occurs, which begins to flatten out below 0.4 K. The Figure 11. Magnetization asaf_unction of th_e applied magnetic field at

) e . three different temperatures. Notice the opening of the cycle at 0.1 K with

magnitude of the dc susceptibility at 0.1 K is reasonably close 4 minor loop.
to the saturation value that would occur at a ferromagnetic
phase transition. To be specific, when the susceptibility is only one peak belo 1 K in the susceptibility is observed.
converted to the units of erem™3, the maximum is within Our lowest frequency measurement at 0.001 Hz (correspond-
a factor of 2 of 1IN where N is the demagnetization ing to a period of 16.7 min) displays a sharp cusp at
factor which we estimate as#B for this powder sample.  approximately 0.47 K. Note that the 0.001 Hz data points
Furthermore, relaxation times are very long at low temper- fall on top of the ZFC and FC data above this temperature.
ature, and as result, the maximum is sensitive to cooling During low frequency data acquisition, special care was taken
rate: a slower rate results in a higher final maximum. (Note to very slowly warm and cool the sample, so that the curves
that no corrections have been made to the data for demagwere reversible. In particular, for the 0.001 Hz curve the
netization effects.) For the acquisition of the zero field cooled temperature was stepped at 0.05 K, with a wait period of 2
(ZFC) dc magnetic susceptibilityy—qc Shown in Figure 9a  h per point.
(red data points), the Sample was first cooled from 1.2 K to The Out_of_phase ac magnetic Susceptibibﬂy' versus
below 0.1 K in zero field £0.05 Oe), the a 5 O¢field was  temperature is shown in Figure 9b for various frequencies
applied, and the sample was measured while warming uppetween 570 and 0.001 Hz. As with the in-phase susceptibil-
slowly at the warming rate of 0.15 K/h. A sharp peak is ity, two distinct peaks for frequencies greater than 5 Hz can
observed at 0.45 K for this warming up rate. The position a|so be seen. The high temperature peaks (above 2 K) have
of this peak is also sensitive to the Warming rate, with a been previous|y reporté@nd Correspond to superparamag-
slower warming rate resulting in a higher peak occurring at netic SMM behavior. At this temperature, the relaxation of
a lower temperature. the giant spins comes from thermal activation over an energy

Also shown in Figure 9a is the in-phase ac magnetic barrier whose source is the anisotropy of the clusters. On
susceptibilityyn' for a few representative frequencies. The the other hand, only one peak is observed for frequencies
ac susceptibility measurements were made in a field of 1.4 below 2 Hz, which becomes increasingly sharp as the
Oe rms. For frequencies higher than 5 Hz, two peaks can befrequency decreases. At 0.001 Hz the peak in the out-of-
discerned in theyy' susceptibility. For lower frequencies, phase ac susceptibility is extremely sharp, and is more like
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Figure 12. XAS and XMCD spectra of (a) CuDy"'; at the DyM, s-edges and (b) NpTh'", at the ToM4s-edges measured 2 K and 7 T. I and I
denote, respectively, that the helicity of the incoming circular polarized light was parallel or antiparallel to the direction of the magnetic field

Table 1. Experimental (from XMCD) and Theoretical (Hund’s Rules)

an onset. The cause of the low frequentyw temperature Values of the Magnetic Moments

peaks is puzzling.

. m ms Mot Mo(Hund L5,
Among the reasons for the presence of two peaks in the molecule ion [us/at] [us/at] [ﬂB/att-] [;;(B/at.] ) 50 (Hund)
curve ofy""v, there are two possibilities mentioned, i.e., the cy e, To" 1.92) 3.93) 58(2) 2.0 1.022) 1.0

presence of two cluster species and th_e setting-up of a phasﬁitﬂ'zTTgl:'z %::. (13-302(2) 2-5236?53) 3-5362(3) 93-(()) 3-2352(5) 14-(?
Fran3|t|on probably to a ferromagnetic ordered stgte. For cu'zsz'"zz Dyl 2:58 3:2533 5:78 10.0 1‘_6((2% 20
instance, the presence of two peaks has been attributed t@u.,Dy", cu' 0.09(2) 1.04(5) 1.13(5) 30  01755) 4.0
the presence of two cluster species for someJdomplexes@

and Co(carbeng)complexe$™ and to long-range ordering the equation gives the critical exponeris = 2 and an
in Fe(ll)4 complexes’c anomalously large, = 0.01 s with aT, = 0.43 K.

The frequency dependence of the low temperature peak The magnetization versus applied field was also measured
does not appear to be caused by thermal activation, inat low temperature, and Figure 11 shows the results for 4.2,
contrast to the high temperature peak. This can best be see.8, and 0.1 K. The maximum field of 2000 Oe for this
in a plot of In@) versus 1T as shown in Figure 10. For this magnetometer was not enough to saturate the sample.
plot, the temperature corresponding to a characteristic As can be seen in Figure 11, rather complicated minor
relaxation timer = 1/w (i.e., 1/2zf wheref is the frequency)  hysteresis loops open up below 0.4 K. These are intriguing
was determined by the position of the out-of-phase ac results, and further measurements are planned when large
susceptibilityyn' peaks of Figure 9b. The high frequency enough single crystals of [GuTb" (hfac)]. will become
and high temperature>60 Hz, >2K) data points (blue  available.
circles) can be fitted with a straight line (dashed blue line)  XMCD Measurements on the CU,Th" ,, Cu',Dy"',,
which implies thatr = 7o + exp(—Eg/kT). From the fit, we and Ni",Th" , Complexes.In order to shed some light on
find an energy barrieEs = 23 K andzo = 2.7 x 10°% s, the magnetic coupling between the different ions in these
reasonable values for an SMM. Nevertheless, deviations molecules, we have performed X-ray absorption spectroscopy
become apparent for frequencies below 50 Hz. On the other(XAS) and X-ray magnetic circular dichroism (XMCD)
hand, the low frequency and low temperature data points measurements at the rare-eaMhsedges (3e-4f transi-
(taken from the set of peaks ji" that occur below 1 K)  tions), the transition metdl,s-edges (2p-3d transitions),
clearly cannot be fit with a simple thermal activation law. and O and NK-edges (1s2p transitions), on the three

Indeed, the very low frequency<@ Hz) data, with the = complexes CiTb", Cu',Dy", and NI',;Th", These
pronounced sharpening of the peaks, is more indicative of atechniques allow us to obtain information about the structural
phase transition, and due to the very large susceptibility, we and magnetic properties of the molecules with chemical
may speculate that the ordered state is ferromagnetic. Thiselement and valence sensitivity.
is, however, a rather remarkable transition: it is a “slow-  Figure 12 shows typical XAS and XMCD spectra mea-
motion” transition, from the superparamagnetic state to the sured on Ni,Tb", and CU,Dy", at the M, s-edges of Tb
ferromagnetic state, reminiscent of cluster glass transitions,and Dy, respectively, and at a temperatlire= 2 K in a
but sharper and more clearly defined. With this in mind, we magnetic fieldH = 7 T. The XAS and XMCD spectra of
have fit the lowest frequency data poinfs<{ 2 Hz) with Tbin CU',Th";, are identical in shape to those of Tb in''Mi
the equatiorr = 7o(T/Tc — 1) (red dashed line in Figure  Th", and are not shown. The shape of the Tb and Dy XAS
10). This equation is used to describe the dynamic behaviorand XMCD spectra shows the multiplet structure that is
of critical slowing down near a phase transition. The fit to typical for the trivalent configuration of these ions, with 8
and 9 electrons in the 4f shell, respectively.

(17) (a) Aubin, S. M. J.; Sun, Z.; Eppley, H. J.; Rumberger, E. M.; Guzei, A quantitative evaluation of the magnetic moment carried

I. A.; Folting, K.; Gantzel, P. K.; Rheingold, A. L.; Christou, G.; . .
Hendrickson, D. NInorg. Chem2001, 40, 2127-2146. (b) Karasawa, by the Tb and Dy ions in the three molecules can be

%627@2,3%37.;7 M(or)ikgwa, HAi KLog?:, NI Arr?, CAheEn- Soﬁ%a éZgy ~ performed by applying the magneto-optical sum riflés

. (C arra, A. L.; Canescnl, A.; Cornia, A.; Faprizi-

Biani, F.; Gatteschi, D.. Sangregorio. C.. Sessoli, R.. Sorace, L. the measured XAS' an_d XMCD spectra. Th_ese sum rules
Am. Chem. Socl999 121, 5302-5310. allow one to determine independently the orbital & [IL,0)
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Figure 13. XAS and XMCD spectra of CyDy"'; at the CuLzedges
measuredta2 K and 7 T. I and I denote, respectively, that the helicity
of the incoming circular polarized light was parallel or antiparallel to the
direction of the magnetic field.

and spin ns = 2[§,[) magnetic moments contributing to the
total magnetic momenty,; = m_ + ms. The values ofn,
ms, andmy, obtained for the three moleculeszaK and 7 T

Hamamatsu et al.

Figure 14. XAS spectra of ClpDy"' 5, Cu';Th'"',, and Ni';Th''; at the

N K-edge. The three spectra have been shifted with respect to one another
for clarity. The dotted lines indicate the positions of the two partially
resolved peaks of CluDy'"'; and CU,Th'",.

and 937 eV (which will not be further discussed here). The
XMCD is strong and negative at thg threshold, while it is

are listed in Table 1. In all three cases, the total magnetic positive at thel,. Also, in the case of the;, redges of Cu,
moment is considerably reduced (by a factor close to 2) with the magneto-optical sum rules can be applied to determine
respect to the values expected for the free ions Th and Dyspin and orbital magnetic moments carried by thé ©ns

according to Hund'’s rules. A possible simple explanation
for this behavior would be that a field @ T might not be

(3c® configuration) in these molecules, which are shown in
Table 1. For both molecules, the orbital magnetic moment

sufficient to saturate the paramagnetic moments of the rarem, is almost completely quenched by the crystal field, as is
earths in the molecules. However, the magnetic momentsusual for the transition metals. The total magnetic moment

measuredtab K and 7 T coincide within the error bars to

is aligned parallel to that of the rare earth, thus confirming

those obtained at 2 K, thus suggesting that the paramagnetiche ferromagnetic coupling already inferred from the dc
moments are indeed (almost) completely aligned by the field susceptibility measurements. However, the total Cu moment

of 7 T. Most likely, the reduction observed in the magnetic

of Cu',Dy"', is about a factor of 2 larger than that of'Gu

moments arises from the effect of the crystal field, as already Th'"',.

found previously in Dy@g: and Dy@Gs endohedral
fullerenest® The crystal field interaction, whose energy is
typically on the order of~10—100 meV in 4f electron

Figure 14 shows the K-edge XAS spectra of CuTh'"',,
Ni'",Th",, and CuU,Dy",. For all three molecules most of
the absorption is concentrated in the energy interval between

systems, has no directly visible effect in the shape of the 398 and 400 eV, which can be related to the hybridization

XAS and XMCD signals at the s edges of rare earths,

between the N 2p and the Cu or Ni 3d electrons. In the case

because it is negligible as compared to the large intrinsic of the CW,Th", and Cul,Dy", complexes, two partially

energy widths{1 eV) of these 3¢t 4f transitions. However,

resolved peaks are observable (at 398.5 and 399 eV, dotted

the crystal field interaction usually has a sizable effect on lines in Figure 14), while only one is visible at 398.8 eV for

the ratio L [/[,and/or on the absolute value of the total
magnetic moment (because of the strong sjirbit cou-

the Ni',Th'", complex. No XMCD signal was observed on
any of the molecules, which is likely to arise from the fact

pling). In the present case, this ratio remains very close to that N is not directly involved in the bonds bridging Cu/Ni
its free ion value (see Table 1), and only the total magnetic with Th/Dy. However, the high level of noise in these

moment is considerably reduced. It is also worthwhile to

measurements does not allow us to rule out the presence of

mention that the Tb magnetic moment appears to be smallera magnetic polarization of all or some of the N atoms.

in Ni”sz”lz than in CL'Jsz“Iz.

Figure 13 shows the Ci,zedge XAS and XMCD
measuredt2 K and 7 T on Cll,Dy"',. Again, the spectra
measured on CWTh'", are identical, within the error, to those
of Cu',Dy"',. The XAS spectrum consists of two sharp peaks
at E = 930 eV andE = 950 eV, corresponding to the;
andL; thresholds, respectively, and two weak peaks @84

(18) (a) Carra, P.; Thole, B. T.; Altarelli, M.; Wang, ®hys. Re. Lett.
1993 70, 694. (b) Thole, B. T.; Carra, P.; Sette, F.; van der Laan, G.
Phys. Re. Lett. 1992 68, 1943.

(19) (a) De NadaiC.; Mirone, A.; Dhesi, S. S.; Bencok, P.; Brookes, N.
B.; Marenne, |.; Rudolf, P.; Tagmatarchis, N.; Shinohara, H.; Dennis,
T. J. S.Phys. Re. B 2004 69, 184421. (b) Bondino, F.; Cepek, C.;
Tagmatarchis, N.; Prato, M.; Shinohara, H.; GoldoniJAPhys. Chem.

B 2006 110, 7289.
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Figure 15a shows the O K-edge XAS spectra of' £u
Th",, Ni';Th'",, and Cul,Dy",. The general appearance of
the XAS spectra is similar for all molecules, with two
partially resolved pre-peaks at energies of 530.6 and 531.8
eV, which can be attributed to the hybridization between
the O 2p and the Cu/Ni 3d electrons, followed by a broad
bump centered at about 539 eV. The different shape and
intensity ratio of the pre-peaks might reveal differences in
the Cu—0O hybridization between CuTh", and Cui,Dy"'»,
which might in turn explain the differences observed in the
value of the Ctliion total magnetic moments. In both cases,
weak XMCD signals (see Figure 15b) are observed at an
energy corresponding approximately to that of the first pre-
peak, indicating the presence of small magnetic moments
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Figure 15. (a) XAS spectra of ClpDy'"',, Cu',Th'"',, and NI',Th"; at the O K-edge. The three spectra have been shifted with respect to one another for
clarity. (b) Zoom around the pre-peaks region, showing both XAS and XMCD signals for the three molecules (solid lines indicate helicity antiparallel
magnetic field, and squares with line indicate XMCD).

on those of the O atoms that are directly involved in the magnetic polarization could be measured on the N atoms,
bonds bridging the Cuwith the rare earth atoms (see Scheme some amount has been detected on the oxygen. We believe
1). It is remarkable to observe that the sign of this XMCD that this is very important, since the magnetic intramolecular
signal is opposite in C4Th", and Cl,Dy",, indicating that couplings within these SMM usually pass through light
the O 2p magnetic moments are oriented in opposite elements such as O. It has unfortunately not been possible
directions in the two molecules. There is no XMCD signal to perform these measurements below 2 K. One should
detectable at the GK-edge of Ni,Th", which can be  probably observe a more intense signal below the blocking
explained by the fact that there is no magnetic coupling temperature. Last, the €4Tb", complex exhibiting SMM
between neighboring Th and Ni' ions in this molecule, behavior has received a closer examination of its low
owing to the fact that Niis in its low spin state and is temperature magnetic properties down to 0.1 K. These
therefore diamagnetic. However, the XMCD signals at the particular measurements have revealed an unexpected be-
O K-edge are extremely weak and the signal-to-noise ratio havior at low temperature which could probably be ascribed
particularly unfavorable for these measurements on powderedo the very slow setting-up of a 3D order below 0.6 K. More
samples. In the future, high quality measurements on experiments will be performed on single crystals and at lower
single crystals should confirm the presence of these XMCD temperatures as soon as possible. Regarding the magnetic

signals. polarization of the N and O, in addition to the gathering of
Concluding Remarks. A whole series of tetranuclear more experimental data with polarized neutrons or XMCD,
Cu',Ln", complexes [CULLN" (hfac)], involving all lan- it becomes more and more important that some theoretical

thanide(lll) ions except the radioactive Pmhas been  calculations and modeling start being developed.
prepared. Unfortunately, it is still difficult to give a clear ) )

answer to the question raised at the beginning of this paper, EXPerimental Section

namely what makes some molecules SMMs and others not. Materials. All chemicals and solvents used for the synthesis were
Comparison of the magnetic properties of the'{n", reagent grade and were obtained from Tokyo Kasei Co. Ltd and
complexes with those of the correspondind Nin"', com- Wako Co. Ltd. and used without further purification. Component
plexes revealed that the magnetic interaction betweéh Cu complexes, K[CUL], K[Ni "L]-2H,0, and Ln(hfacXH:O), were
and Ld" ions with Ln= Ce, Nd, Sm, and Yb is very weakly prepared apcording to the method _reported previotfshhere the
antferromagnetic, that with L La, Eu, Pr and Lu shows - S00L00 2 008 SRR licd 2 oronceniacetone
'rll'z,Sgy,lf:ﬁ(?,mETag:det'lrcrr:nitsezziigr:égggtzzéfb\vr\:?n?ﬁg Six Cu'',Ln", Complexes, [CWLLNn " (hfac),],. The syntheses of

cuLn | hibiting f L . the tetranuclear C'yLn'', and Ni',Ln"', complexes with LH =
2Ln™> complexes exnibiting ferromagnetic interaction, Eu", Gd", Th", and Dy"' were reported previously. The other

only two complexes with Tb and Dy showed a frequency ietranuclear ClLn", and Ni',Ln", complexes with Ln= La,
dependence ofw’ andyv", and were therefore expected to  ce, Pr, Tm, Yb, and Lu were newly prepared in this study according
be SMMs, while the other complexes with Gd, Ho, Er, and to the similar synthetic method of those for'Gun'', and Ni',-

Tm showed no frequency dependence under the samelLn'', complexes with Ln= Eu, Gd, Tb, and Dy2 The synthesis
experimental conditions. With the goal of better understand- of [Cu'LGd" (hfac)], is exemplified. A methanolic solution (20
ing the evolution of the intramolecular magnetic interactions, mL) of K[Cu''L] (0.104 g, 0.25 mmol) was gently poured into a
X-ray magnetic circular dichroism (XMCD) has also been meéthanolic solution (20 mL) of Gd(hfag}-0). (0.203 g, 0.25
measured on CgTb",, Cu',Dy",, and Ni';Th'", complexes, mmol) at ambient temperature. The r_esultlng solution was allowed
both at theL- and M-edges of the metal ions and at the to stand for several days. The solution becamg almost colorlgss,
K-edge of the N and O atoms. We observe that the mc)memamd the crystals that formed were collected by filtration and dried

. . . . ,_in air. The crystals were sparingly soluble everNijN-dimethyl-
on the 4f ions is lower than what is predicted by Hund's formamide (DMF), and recrystallization was not performed. Dark

rule, that the orbital moment on the copper ions is almost eqgish purple crystals were obtained. Yield: 0.208 g (88%). The
completely quenched, and that the moments on the 3d andelemental analytical data of C, H, and N for 14 complexes agree
4f ions are parallel, which confirms the ferromagnetic well with the calculated values of [®ULn" (hfac)], which are
coupling deduced from SQUID observations. While no deposited as Supporting Information.

Inorganic Chemistry, Vol. 46, No. 11, 2007 4467



Hamamatsu et al.

Ni'',Ln'", Complexes, [NV LLn " (hfac),].. This complex was ~ 8000 and a rate of circular polarization greater than 90%. The
prepared by the same method as for '[Cun" (hfac)],, using powdered samples were mixed with graphite, in order to ensure
K[Ni""L]-2H,O instead of K[CtiL]. Orange microcrystals were  good thermal and electrical contact with the Cu sample holder, and
obtained. Yield: 0.195 g (85%). The elemental analytical data of inserted into an ultrahigh-vacuum cryomagnet system, allow-
C, H, and N for 14 complexes agree well with the calculated ing us to reach temperatures dovn2 K and magnetic fields up
values of [NI'LLn" (hfack], which are deposited as Supporting to 7 T. The XAS and XMCD signals were obtained in the total
Information. electron yield (TEY) mode, by measuring the drain current of the

Physical MeasurementsElemental C, H, and N analyses were  sample.
carried out at the Instrumental Analysis Center of Kumamoto
University. Infrared spectra were recorded on a Nicolet Avatar 370  Acknowledgment. This work was supported in part by
DTGS spectrometer using KBr disks. Temperature-dependent dca Grant-in-Aid for Science Research (nos. 16655023 and
magnetic susceptibilities in the temperature rang8@ K and  16205010) from the Ministry of Education, Science, Sports,
field-dependent magnetization in an a_pplied magnetic field from 0 and Culture, Japan and by the Polish Ministry of Science
0 5T at 2.0 Kwere measured with an MPMS-5S SQUID and Higher Education No. 1TO9A 12430. Synchrotron

susceptometer (Quantum Design, Inc.) at Kumamoto University. . L .
All samples were 3 mm diameter pellets molded from ground experiments have been performed at BESSY with financial

crystalline samples. The calibrations were performed with pal- Support from the European Community-Research Infrastruc-
ladium. Corrections for diamagnetism were applied using Pascal's ture Action under the FP6 “Structuring the European
constants. Alternating current magnetic measurements were carriedResearch Area” Programme (through the Integrated Infra-
out at University of Wroclaw in a 3.0 G ac field oscillating at  structure Initiative “Integrating Activity on Synchroton and
indicated frequencies 11000 Hz). Low temperature dc magne- Free Electron Laser Science-Contract R 1l 3-CT-2004-
tization and ac susceptibility measurements were preformed using506008n)_ We would like to thank Bernard Muller and

a SQUID magnetometer equipped with a miniature dilution Eabrice Main for their much reci helo with th
refrigerator developed at the CRTBT-CNRS in Grenoble. Absolute ab (.:e aingot for the uch appreciated help with the
experimental setup.

values of the magnetization can be made by the extraction method
down to 70 mK. In order to ensure good thermal contact at low
temperature, vacuum grease was mixed with 0.028 g of powder
[CU'LTb" (hfac)], sample and pressed into a small Cu pouch. The
XMCD measurements were performed at the soft X-ray beamline
UE46 of Bessy, Berlin, Germany, with an energy resolugt/E 1C062252S

Supporting Information Available: Tables of properties of
ground states of Uhion and elemental analytical data. This material
is available free of charge via the Internet at http://pubs.acs.org.
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