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ABSTRACT: Magnetic relaxations arising from spin—phonon interactions for a magnetically diluted double-decker terbium
phthalocyanine single molecule magnet, dill, in the nonthermally activated temperature range have been investigated. While the
relaxation time, 7, is independent of the external static magnetic field, Hy, in the high temperature range, where linear
relationships between —In 7 and T~' are observed in the Arrhenius plot, magnetic field dependences for 7 are observed in the
lower temperature range. The 7' vs Hy plot at 12 K fits the quadric curve when Hy. < 12 kOe, while linear relationships are
observed in the 7' vs T plots in the temperature range of 12—20 K. These results indicate that the direct process is the dominant
magnetic relaxation pathway in the nonthermally activated temperature range, while the contribution from the Raman process, if
any, is not observable. We emphasize in this paper that the contribution from the thermal relaxation processes and the quantum
tunneling of magnetizations (QTMs) to the experimentally observed magnetic relaxations must be evaluated carefully in order to
avoid confusion between the thermal and quantum-mechanical relaxation pathways.

B INTRODUCTION phenomena, since the concept of lanthanide-based single-ion
molecule magnets (SIMMs) or, more simply, lanthanide
SMMs, first appeared in a paper from our group in 2003.%°
The magnetic relaxation mechanism of lanthanide SMMs can

Magnetic bistabilities realized by single discrete molecules have
drawn increasing attention in recent years, since this class of
compound is of great significance for development of next-
generation information device technology and molecular
spintronics.” In the early stage of the relevant research field,
multinuclear 3d transition metal clusters were examined
extensively.” Dodecanuclear manganese clusters show slow
magnetic relaxations in the temperature range lower than 7 K,

be understood in a different way from that of the conventional
transition metal cluster SMMs.%” Because of the presence of a
strong spin—orbit coupling, the total angular momentum of a
free lanthanide ion having an orbital angular momentum of L
and a spin angular momentum of S can be described by the LS-

where the concept of a single molecule magnet (SMM) has couplings, leading to the (2] + 1)-fold ground electronic states
been proposed for the first time.”® The mechanism of these having the total angular momentum of ], where ] = L + § for
unusual magnetic properties realized in SMMs is generally heavy lanthanide ions. For example, a free terbium ion (Tb*")
interpreted by assuming a double-well type potential surface has eight 4f electrons and its ground states can be represented
which results from the uniaxial magnetic anisotropy and total by the "Fq atomic term, meaning that a free Tb*" ion has 13-
high spin multiplicities of the assembled metal centers; i.e., the fold degenerate ground states. Recently, the chemistry of
presence of the finite energy barrier impedes free flips between actinide or 3d metal based SIMMs has been developed
the two degenerate high spin ground states.
On the other hand, a variety of lanthanide complexes have Received: May 12, 2014
been demonstrated to show slow magnetic relaxation Published: August 18, 2014
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extensively, and these also take advantage of the presence of a
large orbital angular momentum at the magnetic center.>”

The presence of crystal or ligand fields around the lanthanide
ion, however, lifts the degeneracy of the ground electronic
states of the lanthanide ion through the electrostatic or ligand
field (LF) potentials. The Hamiltonian corresponding to an LF
having a tetragonal symmetry can be written as

H; = A£<r2)a02 + Af(r4)ﬁ02 + A:(r‘*)ﬂOf:

+ A(rOy0g + AH(r®)rO; (1)

where the Af coefficients and the O} operators are adjustable
parameters and polynomials of the total angular momentum
matrices, J%, J,, J_, and J,, respectively.10 The a, p, and y
coefficients are the Stevens parameters.''

In general, it is practical to represent the resultant wave
functions by using the linear combinations of IJ,) wave
functions as the basis sets, where J, refers to the projection
of the ] to the quantization axis. In the case where the ligands
provide an ideal square-antiprismatic (SAP) LF with the
lanthanide ion, however, mixings between the different IJ,)
wave functions through the Aj(r*)#0} and A¥(r°)yO¢ terms are
symmetry forbidden. Accordingly, the Hamiltonian given in eq
1 can be reduced to

Hy; = A(r)a0) + AJ(r*)B0S + AX(r*)y O} )

Although there have been limited numbers of this class of
highly symmetric lanthanide compounds known so far, some
coordination compounds and polyoxometalates (POMs) fulfill
these structural requirements.'” Ishikawa et al. has first
demonstrated that the static and dynamic magnetic properties
of double-decker type terbium diphthalocyanine complexes
(TbPc,, Scheme 1) can be understood based on their electronic

Scheme 1. Structure and Abbreviations of the Anionic Form
of Double-Decker Phthalocyanine Complexes
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structures, where the ground and second lowest electronic
states of the Tb** ion in the complexes are described by using
the almost pure [+6) and |+5) wave functions, respectively, and
the energy difference between these, A, reaches several
hundred reciprocal centimeters (cm™).*%”

In general, the magnetic relaxation rate (z77') of a lanthanide
complex can be formulated as
. 1 1 1 1

+ + +

TQrm

T

- 3)

in which the first three terms in the right-hand side, i.e., the
Orbach, direct, and Raman terms, occur due to the energy
exchanges between the paramagnetic ions and phonon
radiations."”® On the other hand, the quantum tunneling of
magnetization (QTM) term arises from magnetic relaxations

TOrbach Tdirect TRaman
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caused by transitions between different spin states as a result of
the evolution of a two-level system in a time-varying magnetic
field without spin—lattice energy exchange.

For terbium-based lanthanide SMMs, the magnetic relaxation
phenomena in a high temperature range are dominated by the
two-phonon Orbach process; i.e., the ground IJ,) = 1+6) states
are excited to the |+S5) and/or other states by absorbing a
phonon, which is followed by the emission of a second phonon
to give the ground states having the sign-reversed J,.
Experimentally, these relaxation pathways can be unambigu-
ously confirmed by observing a linear relationship in the —In 7
vs T' plot, where 7 and T are relaxation time and temperature,
respectively.'* In the case of [TbPc,] "TBA* (TBA
tetrabutylammonium), this relationship is observed in the
temperature range higher than 25 K in the absence of a static
magnetic field.” Ruben and co-workers performed a detailed
study on spin dynamics of diluted [TbPc,] "TBA" based on
solid state 'H NMR experiments.'®

In contrast, contribution from the Orbach process becomes
negligible when A >> kT, since the excitations from the [+6) to
|+5) states are suppressed in the low temperature range, and
instead, nonthermally activated mechanisms such as the direct
and Raman processes possibly dominate the magnetic
relaxation. Although applications of lanthanide SMMs to
high-density memory devices attach great importance to their
performance in a high temperature range, quantum-mechanical
phenomena for the purpose of the development of a quantum
computing system based on TbPc, have been demonstrated in
a rather low temperature range, where nonthermally activated
spin— phonon interactions in addition to QTM become more
51gn1ﬁcant Nevertheless, little attention has been given to the
detailed magnetic relaxation dynamics of lanthanide SMMs in
the nonthermally activated temperature range, and frequently,
the spin—phonon interactions are lumped even together with a
QTM regime, although these are fundamentally different
phenomena in origin. Recently, we have reported that magnetic
relaxations of quadruple-decker diterbium and terbium—
yttrium phthalocyanine tetramers are enhanced with increasing
the static magnetic field in the low temperature range, and
these observations have been ascribed tentatively to the
dominant direct process.'” In the present paper, we report
dynamic magnetic properties of a diluted terbium double-
decker phthalocyanine SMM, dill (Scheme 1), in the
nonthermally activated temperature range in order to deepen
our understandings about the magnetic relaxation mechanism
of lanthanide SMMs.

B EXPERIMENTAL SECTION

Isostructural double-decker phthalocyanine complexes having either a
paramagnetic Tb* ion or a nonmagnetic Y** ion, 1 and 2 (Scheme 1),
were synthesized according to the literature methods with some
modifications.'® Both complexes have closed-shell z-electronic
systems. In order to reduce intermolecular magnetic interactions and
torquing effects during magnetic measurements to the extent possible,
a magnetically diluted solid sample of 1, namely dill, was prepared and
fixed as follows. A mixture of 1 and 2 in a molar ratio of 2:98 was
dissolved in hot acetone, and the solution was stirred overnight. Most
of the solvent was evaporated in vacuo, and the formed precipitate was
collected by vacuum filtration. The residue was passed through a short
alumina column chromatograph by using acetone as the eluent. The
colored fraction was collected and concentrated in vacuo, from which
the microcrystalline sample containing 1 in 2 (2 mol %) was obtained.
After the crystals were dried under reduced pressure at 60 °C, the
sample (ca. 57 mg) was tightly packed in a straw, and fixed by using
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melted eicosane (6 mm in diameter X 9 mm in length). Alternating
current (ac) magnetic susceptibility measurements were carried out on
Quantum Design MPMS and PPMS magnetometers for the frequency
ranges of 0.1—100 and 100—10 000 Hz, respectively. Since magnetic
measurements under a high static magnetic field, Hy, reduce signal
intensities, the accumulated data obtained at Hy. > 20 kOe were
statistically treated.

B RESULTS AND DISCUSSION

The temperature dependences of ac susceptibilities for dill at
Hy/’s of 0 and 8000 Oe indicate that the y),” values are near
zero in the temperature range lower than 30 K (Figure 1). At
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Figure 1. Plots of y,," (top) and y," (bottom) against temperature for

dill at external magnetic field (Hy.) values of 0 (red circles and blue
triangles) and 8000 Oe (orange diamonds and green triangles).

values of the ac magnetic field frequency, f, of 10 000 and 1000
Hz, the peak temperatures appear at ca. 46 and 39 K
respectively, irrespective of Hy. The magnetic relaxations of
dill in the high temperature range are dominated by the two-
phonon Orbach process, and the observed independences of
peak temperatures with respect to Hy. are consistent with this
assignment; i.e., relaxation processes other than the Orbach
process are negligible at the temperature range higher than 30
K

In order to find appropriate experimental conditions, in
which the Orbach process is sufficiently suppressed, and the
peak frequency in the y\” vs f plot appears within the
experimentally available window (f > 0.1 Hz), ,,” values as a
function of f and T were measured at Hy, values of 0 and 8000
Oe (Supporting Information, Figures S1 and S2). The natural
logarithm of the reciprocal of the relaxation time (7) at each
temperature and Hy, extracted by fitting the experimental data
on the basis of the Cole—Cole model is plotted against the
inverse of the temperature in Figure 2. In the high temperature
range (T > 35 K), the plots fit straight lines, with the
correlation factors (R*) being higher than 0.99 (red and blue
dashed lines). The results of the Cole—Cole fitting at 45 K are
shown in Figure 3 as an example. As clearly demonstrated, the
frequencies at which the y),” values become the maximum are
almost identical at this temperature range irrespective of Hy..
The estimated blocking energies, Ay’s, lie within the range
530—540 cm™', and the preexponential factors (z,”"'), almost
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Figure 2. Natural logarithm of the magnetization relaxation time of
dill against inverse of the temperature in the presence of external
magnetic field (Hy.) values of 8000 (red circles) and 12 000 Oe (blue
triangles). The regression lines obtained in the temperature range 48—
35 K for each Hy. also are shown as dashed straight lines. The
corresponding regression formulas, correlation factors (R*), blocking
energies, and preexponential factors are given in the upper right.

reach the order of 10'* s™". These observations indicate that the
Orbach process is dominant as the magnetic relaxation
mechanism in this temperature range, since the Orbach process
is independent of an external magnetic field unless it alters the
value of A,.'® On the other hand, the plots deviate from the
regression lines at temperatures lower than 30 K (Figure 2). It
should be noted that the —In 7 values are dependent on the
temperature even in the low temperature range. In addition, the
relaxation times depend also on Hy, in this temperature range.
Since Hy. of 8000 Oe is sufficiently large to suppress the QTM
for 1," the observed field dependences indicate that the spin—
phonon mechanism is largely involved with the magnetic
relaxation phenomena. That is, the magnetic relaxation rate
given in eq 3 can be simplified to eq 4 on the condition of low
temperature and Hy. > 0.

1 1

+

(4)

The lowest temperature at which the peak frequencies can be
accurately determined in the yy” vs f plot is 12 K as seen in
Figure 2 and the Supporting Information, Figures S1 and S2.

The magnetization vs magnetic field (M—H) plot of dill
measured at 12 K is given in Figure 4. The magnetization is
proportional to H in the region of ca. [HI < 1.5 T, and the slope
decreases gradually beyond this region, leading finally to
plateaus at ca. H = +5 T. The curvature in Figure 4 indicates
that the relative detection sensitivity for ac magnetic
susceptibility values lowers significantly at the Hy. value higher
than approximately 3—4 T.

Figure Sa depicts the plots of yy," and yy," against f for dill at
12 K, and Figure Sb depicts the corresponding Cole—Cole
plots, demonstrating the field dependences of 7 at the fixed
temperature. Based on the fitting curves, the peak appears at 0.5

Tdirect TRaman
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Figure 3. (a) Plots of y (top) and y,” (bottom) against applied ac
frequency f for dill and (b) Cole—Cole plots for dill at external
magnetic fields of 8000 (green triangles) and 12 000 Oe (blue squares)
at 45 K. Error bars represent standard deviations. Open symbols are
omitted for the fitting procedure. See the Supporting Information for
the data obtained at other temperatures.
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Figure 4. Magnetization vs field plot of dill measured at 12 K.

Hz in the yy," vs f plot at Hy. = 0 Oe (gray circles), which shifts
to 0.09 Hz at Hy. = 4000 Oe (brown squares); ie., the
magnetic relaxations are efficiently suppressed by applying the
static magnetic field. In the region where Hy is less than ca. 500
Oe, the theoretically calculated Zeeman diagram of 1 (see
Figure 3 in ref 19) indicates that admixture of the +6) and |—6)
wave functions through the hyperfine interactions between ]
and the nuclear spin of the terbium ion possibly promotes the
QTMs, resulting in shorter 7."” In contrast, the Hy. value of
4000 Oe or higher corresponds to the region distinctly outside
the crossing area in the Zeeman diagram, and therefore,
suppression of the QTM is anticipated at Hy. > 4000 Oe. With

9083

®- 0 Oe

-&- 4 kOe
5 - 8kOe
€ -¥- 12 kOe
2 5 % -»- 20 kOe
9] 2 -#- 30 kOe
=~ Y % &
3024 . .‘~‘. ”1 i

"/ emu mol"!

Xn

0'1 2 34567 1' 2 34567 '0 2 34567160
) ' frequency / Hz
b
0.4
S5 0.3
g
g *
2 0.2 °
0.14 il
it
I H
D
0.0+ L
T T T T T
0.0 0.2 0.4 0.6 0.8
%y | €mu mol!

Figure S. (a) Plots of y/ (top) and yy,” (bottom) against applied ac
frequency f for dill at various values of the external magnetic field
(Hye ranging from 0 to 30 000 Oe) at 12 K. (b) Cole—Cole plots for
dill at various Hy/'s. Error bars shown for Hy_ values of 20 and 30 kOe
represent standard deviations.

increasing Hy, at 12 K, the peak shifts to the higher frequency
side in the yy” vs f plot (Figure Sa, bottom). In other words,
the magnetic relaxations are promoted by the presence of the
static magnetic field, even though neither the Orbach nor the
QTM process is dominant under the employed conditions. The
Cole—Cole plots can be simulated by assuming the single
relaxation component with the dispersion coeflicients, @, being
less than 0.35 (see Table SI in the Supporting Information for
full fitting parameters). We have also confirmed that similar
relationships are observed even at 20 K, indicating that the
contribution from the Orbach process is practically negligible at
temperatures lower than 20 K (Supporting Information, Figure
S3).

Spin—phonon relaxation rates in the nonthermally activated
temperature range are interpreted by the direct and Raman
processes. By taking the first order Zeeman interaction into
consideration, the former process occurring between the
initially degenerate [+6) and |—6) states of a non-Kramers
terbium ion can be formulated as

Tdirect_l x Hdc3 COth(ég]'uBHdc/kT) (5)

or
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Tdirect_l X HdczT when 6g]ﬂHdc/kT <1

(6)
where gj, up, and k are the Landé g-factor, Bohr magneton, and
Boltzmann constant, respectively, while the latter predicts a
-1 7 . ... 10,20
TRaman X 1" relationship. ™
Figure 6 shows the plots of 7' values estimated from the
Cole—Cole plots against Hy_ at 12 K. The experimental results

301
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T = 1.82 Hy
20
—in .
—'l-'
10
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Figure 6. Plots of inverse of magnetization relaxation time (z) against
Hy, at 12 K (green diamonds). The regression curves are shown as
dotted lines with the corresponding regression formulas given in the
upper left. Note that the open symbol at Hy. = 0 T was omitted for the
regression analyses, since contributions from the QTM relaxation
pathway to 7 can be neglected only when Hy. >> 0. The blue curve fits
the points at the lower Hy. only, while all data were considered to
obtain the green and red fitting curves.

(filled green diamonds) satisfactorily fit the quadric equation in
the low Hy. region (blue dotted line), indicating that 7" varies
as the square of the external static magnetic field. At higher Hy,,
the best fit was obtained by using a hyperbolic cotangent
function (red dotted line) rather than the approximate quadric
curve (green dotted line). These observations strongly suggest
that the direct process is one of the pivotal magnetic relaxation
pathways at 12 K, and eq 6 can be employed to fit the
experimental results in terms of Hy less than 12 kOe. At Hy, =
0 Oe, the 7" value (open diamond) deviates from the fitting
curves due to the nonnegligible contribution from the QTMs.
See Figure S4 in the Supporting Information for the
corresponding plots prepared based on the data obtained at
20 K.

In order to confirm the validity of eq 6 and, further, to
estimate the contribution from the Raman process, the
relationships between 77! and temperature are plotted in
Figure 7. As clearly demonstrated, the 7" values vary linearly as
the temperature between 12 and 20 K with the correlation
factors being higher than 0.99. Therefore, it can be concluded
that the Raman process is not observable within the limit of
experimental accuracy, and the direct process dominates as the
magnetic relaxation pathway in this temperature range. The
plots deviate from the regression lines irrespective of Hy_ at 25
K due presumably to the concurrent occurrence of the Orbach
and direct processes, being consistent with the results shown in
Figure 2. On the other hand, the mismatches observed at 10 K
can be ascribed neither to the Orbach process nor to QTM
phenomena. In the low temperature limit, the hyperbolic
cotangent term in eq S approaches 1, and as a result, 77" also
converges to a constant value. This relationship is demon-
strated in Figure SS in the Supporting Information; ie., the
linearity of eq S is valid only in the high temperature range, and
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Figure 7. Plots of inverse of magnetization relaxation time against
temperature in the presence of Hy values of 8000 (red circles) and 12
000 Oe (blue triangles). The regression lines obtained in the
temperature range of 12—20 K for each Hy also are shown
accompanied by the corresponding regression formulas and
correlation factors.

the slope decreases with decreasing temperature, leading finally
to constant 7' values. Under our experimental conditions
employed in Figure 7, i.e,, at Hy. = 12 kOe and the temperature
range between 12 and 20 K, the linearity of eq 5 is maintained.
Although the deviations of the plots from the regression lines at
10 K are presumably interpreted on the basis of eq 5, we do not
exclude the possibility that the deviations arise from the
experimental errors in the present study.

B CONCLUSIONS

In the present paper, we have demonstrated that magnetic
relaxation time, 7, observed in the nonthermally activated
temperature range of a magnetically diluted double-decker
terbium phthalocyanine single molecule magnet, dill, is largely
dependent on the external static magnetic field, Hy, and
temperature under the conditions where the QTM phenomena
are sufficiently suppressed. The 77! vs Hy. plot at 12 K fits the
quadric curve, while the linear relationship is observed in the
7' vs T plot in the temperature range 12—20 K. These
observations strongly indicate that the magnetic relaxations are
dominated by the direct process as a result of thermal spin—
phonon interactions between the magnetic center (Tb*") and
the crystal lattice rather than the Raman process. Although the
physics of magnetic dynamics of inorganic salts containing
lanthanide ions had already been established in the 1960s,"° to
the best of our knowledge, few reports discuss the nonthermally
activated relaxation processes for lanthanide SMMs in detail. As
a consequence, the thermal processes and QTMs are mixed up
as a “QTM regime” in certain cases, although these processes
are fundamentally different from each other in origin. Recent
seminal works on TbPc,-based spintronic devices have reported
that molecular spin valve or spin resonator functions have been
realized by cooperative direct and QTM relaxation mechanisms
at low temperatures (<1 K).*' The present paper suggests that
contributions from the thermal relaxation processes and the
QTMs to the experimentally observed magnetic relaxation
phenomena must be evaluated carefully in order to deepen our
understandings of the spin dynamics for lanthanide SMMs
especially in the low temperature range.
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