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ABSTRACT: Exchange couplings in isomorphous [LnCus, ]
were evaluated by high-frequency electron paramagnetic
resonance and magnetization studies. The exchange para-
meter J;,, ¢, was decreased with an increase in the atomic
number; Ji,,_co/ks = 445(11), 2.27(6), 0.902(10), 0.334(3),
and 0.136(8) K for Ln = Gd, Tb, Dy, Ho, and Er,
respectively.

Heterometallic 4f—3d compounds have been intensively
studied for the development of single-molecule magnets
(SMMs)," 2 where strong magnetic amsotropy and large spin
are available from lanthanide (Ln) ions.* The exchange coupling
between 4f and 3d spins is one of the most important parameters,
and we have established a standard method to determine
quantitatively the exchange couphngs by means of combined
high-frequency electron paramagnetic resonance (HF-EPR) and
pulsed -field magnetization techniques.” The outline is as fol-
lows:® (1) Ln ions are treated as Ising spins. (2) Energy levels of
the spin states are defined by 4f—3d exchange coupling para-
meters (Jp,_m) at zero field. (3) The Zeeman diagram is drawn,
where level crossings take place. (4) Magnetization steps and
EPR transitions are assigned. For ferromagnetic compounds like
the present compounds, the magnetization curve will show a
teatureless increase. The variable-frequency EPR technique is a
practically unique option to determine precisely a negative level-
crossing field.

To exploit broad apphcatlon of this method, we prepared
linear trinuclear [Ln"'Cu",] complexes and studied the 4f—3d
magnetic couplings. After Fenton et al. reported the preparation
of 2,6-bis(acetylaceto)pyridine” (abbreviated as H,L hereafter),
Shiga et al. developed the L,-sandwitched Cu—Ln—Cu archi-
tecture showing at least five (pseudo)polymorphic types of
LnCu,L,(NO3);(solv.),..'° We successfully prepared a completely
isomorphous series of [LnL,(NOj3),{Cu(CH;0H)},] (NO3)-
(CH;0H) ([LnCu,]) for heavy Ln ions [Ln = Gd (Sca="/ 2 and
86a=2),Tb (Jr, =6 andgTb =3/,), Dy (]Dy */»and gp, = /3);
Ho (]Ho =8 and gy, = /4) Er (]Er = /2 and gg, = /5)

The molecular structures were determined by means of X-ray
crystallographic analysis [Figure 1 for Ln = Tb and Figure S1 (Sup-
porting Information) for other derivatives]."> They crystallize in a
triclinic P1 space group with Z = 2. The whole molecule is crystal-

lographically independent, but an inversion center is approximately
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assumed at the Ln ion. The ions are connected with double ¢-oxo
bridges.11 The Ln—O distances as well as the cell volume indicate
the ionic radius contraction in the order of the atomic number.
Despite such a contraction, the geometrical change seems to be
considerably small, and the variation of magnetic couplings can be
attributed to the atomic character itself.

The Tb and Dy derivatives behaved as SMMs, as is clearly
shown by magnetic hysteresis. The magnetization jumps were
observed at 0.88 and 1.03 T for [TbCu,] and 0.41 and 0.54 T for
[DyCu,] at 0.5 K (Figure 2), and their positions did not depend
on the field scanning rate or temperature, being compatible with
the quantum tunneling of magnetization (QTM). The dynamics
were investigated by means of an alternating-current (ac) sus-
ceptibility techmque, glvlng the following parameters from the
Arrhenius equation:" In(277v) = —In(t,) — E,/kgT, where E,
(activation energy) = 14.2(5) K and 7, (preexponential factor) =
73 x 10" " s for [TbCu,] (Figure S3, Supporting Information).
As for [DyCu,], blocking takes place below 1.6 K, and the Ar-
rhenius analysis is unavailable in our apparatus.

HF-EPR spectra of polycrystalline [ LnCu,] (Ln = Tb, Dy, Ho, Er)
were collected in a wide frequency range between 95 and 405 GHz at
4.2 K (Figure 3). We found practically single series of absorptions
shifted to a higher field with increasing frequency. The g values
were around 2 from the slope of the frequency—field plot (dotted
lines), being consistent with the Cu spin-flip signal satisfying a
conventional EPR selection rule of Am, = 1.

The line has a negative-field bias from the normal Zeeman effect.
Because there is no single-ion-type anisotropy in Cu spins, the
observed characteristic frequency—field relationship shows the pre-
sence of an internal exchange-bias field at the Cu site. As described for
the simplest dinuclear Ln—M model,” ferro- and antiferromagnetic
systems show negative and positive shifts of the Zeeman lines,
respectively. The Ln ions are treated as Ising spins. The present
trinuclear system should show major EPR absorption ascribable to
the transition from the ground [Cu(1)—Ln(t)—Cu(1)] state to the
first excited [Cu(t)—Ln(1)—Cu(¥)] state. The Ising-type spin
Hamiltonian (eq 1) is applied to the present system.

H = _]LH*CU(]IZJH'SCul + ]]in.SCuZ)
+ ugH* (ginJin + gcurScul + gcwrScw2) (1)
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Figure 1. X-ray crystal structure of [TbL,(NOj3),{Cu(CH;0H)},]"
with thermal ellipsoids at the 50% probability level for non-H atoms.
The structural formula of the [LnCu,L,]** plane is also shown.
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Figure 2. Pulsed-field magnetization at 1.6 and 0.5 K with a field sweep
rate of 3 x 10> T's™ " for (a) [TbCu,] and (b) [DyCu,]. The derivatives
are also shown at the bottom.

The level-crossing field (Bc), together with the g factor, was
determined from extrapolation in these plots (Figure 3). The
energy gap (AE) between the ground and first excited states
at zero field was converted directly from B¢, and Ji,_c, was
derived according to the relation AE = —2J1,,_c,(Jfn* Scu) from
the first term of eq 1. To determine J,, c,, the value of Ji, is
required and actually estimated from the saturation magnetization
(Ms; Figure 2 for instance), together with those reported for the
closely related [LnCu, ] compounds,10 giving Ji, =S, 1,7, and
1/, for [TbCu,], [DyCu,], [HoCu,], and [ErCu, ], respectively.
However, incomplete field orientation of crystallites may give rise
to an underestimation of Mg and Ji .

The energy diagrams help us to solve this problem (Figure 4).
The level crossing due to the Cu spin flip occurs at P1 (—10.5 T)
for [TbCu,], while other crossings are found at 1.02 T (P2)
and 1.27 T (P3) with the maximal JTy, = 6 (Figure 4a), which
corresponds to the positions of two magnetization jumps
observed around 1 T. These positions are sensitively shifted by
Jin- The apparent J7;, value of S would give higher crossing fields
(1.20 and 1.56 T), and this assumption seems less likely. Similarly,
for [DyCu,], the level crossings are found at —5.0, 0.46,and 0.56 T
for [DyCu,] with J5, = '3/, (Figure 4b), being in good agreement
with the two magnetization jump positions around 0.5 T. The
value of Jf, = "1/, is rejected because the resultant level-crossing
fields (0.72 and 1.00 T) are unsatisfactory.

Thus, the maximal Jf , is suggested in [LnCu,], and we obtained
the exchange parameters as follows: Ji,, c./ks = 2.27(6),
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Figure 3. Selected HF-EPR spectra of [LnCu,] measured at42 K [Ln=
(a) Tb, (b) Dy, (c) Ho, and (d) Er]. The spectra are offset in a linear
scale of the frequency. Dotted lines are drawn from the linear fitting in
the frequency—field plot.

0.902(10), 0.334(3), and 0.136(8) K for Ln = Tb, Dy, Ho, and Er,
respectively.'*

The HF-EPR technique gave no meaningful information on
JGd—cu- Instead, we measured the conventional magnetic sus-
ceptibility y,, as a function of T from which Jg4_c, could easily
be characterized thanks to the spin-only character of Gd**
(Figures S4 and SS, Supporting Information). The y,,,T value
monotonically increased upon cooling, and Jg4_c, was deter-
mined according to the van Vleck equation involving Heisenberg
spins,15 to afford Jgq_cu/ks = 4.45(11) K with Savg = 1.990(4).

We can compare Ji, ¢, of various [LnCu,] in a highly
quantitative manner for the first time (Figure S). In general,
the A(yT) vs T strategy16 is available as an empirical measure-
ment by use of isomorphous reference compounds with diamag-
netic ions, where A(yT) is (XT)Sample — (%T)reference For the
[LnCu,]-type compounds, such A(yT) analysis suggested fer-
romagnetic couplings for Ln = Tb—Er,'° but their magnitudes
were unknown until now. The advantage of the present study is
to determine J;,_c, directly and precisely.

Another striking result of this work is the observation of a
distinct chemical trend in Ji,,—c,. Many ferromagnetic Gd—Cu
compounds have been reported,'® '® and Kahn et al. q;.lalita—
tively explained the ferromagnetic couplings between Cu”" and
heavy Ln®" ions.'® From the present quantitative analysis, the
interaction becomes weaker in the order Gd*>" to Er’*. The
nominal number of 4f electrons increases from 7 to 11 and,
accordingly, the number of the unpaired 4f electrons decreases
from 7 to 3. The exchange coupling would take place between the
Cu 3d,2_,> spin and the Ln 4f spin portion (Si,) and has no
relation with the Ln angular contribution or magnetic anisotropy.
Such an observation has also been reported for the di-* and
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Figure 4. Energy levels of (a) [TbCu,] and (b) [DyCu,] in a ground-
state manifold. The spin structures are indicated with small arrows.
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Figure S. Plot of the 4f—3d exchange parameters in [LnCu, ] as a function
of the atomic number (Z) and spin quantum number (S,,) for Ln**.
A broken line is drawn for a guide to the eye.

tetranuclear systems.6 The J1.,— c, chemical trend is thus general-
ized, regardless of the sign of Ji,—cu.

In summary, the magnetization measurements and HF-EPR
spectroscopy are complementary methods for elucidation of the
spin structures and energy diagrams for 4f—3d heteronuclear
systems. When the 4f—3d specimen showed QTM, the step
positions helped us to determine the J;,, ¢, value.
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© Ssupporting Information. X-ray diffraction study (Figures
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