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Spin dynamics in two ReF¢-based single-molecule magnets from NMR and ac
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Fluorine NMR is performed on two ReFg-based single-molecule magnets, a conductor, (BEDO),[ReF] -
6H,0, and its parent substance, an insulator, (PPh4),[ReFs] - 2H, 0. The correlation frequency of electronic spin
fluctuations, w,, is derived from the spin-lattice relaxation rate. These data, combined with the inverse decay
time of the magnetization, 1/7., determined from the low-frequency ac susceptibility measurements, allows
tracking of the spin dynamics span over seven orders of magnitude. We demonstrate that the two data sets, 1/7,
and the low-temperature region of ., can be described by the same model, which includes Orbach, Raman,
and “quantum tunneling of magnetization” contributions. This indicates that the two techniques characterize the
same process. The influence of the conduction electrons on spin-lattice relaxation in (BEDO),[ReF¢] - 6H,0 is
revealed below 25 K as a trend of the relaxation to follow a linear temperature dependence.
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I. INTRODUCTION

The phenomenon of molecular magnetism, discovered in
the early 1990s [1-5], has aroused wide interest in the physical
community. The so-called single-molecule magnet (SMM) is
a metal complex in which paramagnetic centers, usually high-
spin ions or ion clusters of individual molecules, are isolated
from each other by bulky ligands. Magnetic interactions be-
tween neighboring molecules of such a system are negligible,
thus its bulk magnetic properties are determined mainly by
intramolecular interactions, allowing us to consider them en-
sembles of separate nanoscopic-sized magnets. Owing to their
specific properties such as slow relaxation of magnetization,
blocking, and quantum tunneling of magnetization (QTM)
[6-9], SMMs have been regarded as very attractive objects for
both academic studies and applications in promising areas of
technology and electronics like quantum computing [10,11],
memory cells [5], and spintronics [9,12].

Recently, the interest in molecular magnetism has shifted
to engineering of and research on polyfunctional materials
that combine various useful properties or functions, such as
SMM and conductivity, within a single structural unit [13].
However, the first attempts to synthesize conductive materials
with SMM properties resulted in semiconductor-type systems,
possessing a reasonably high electrical conductivity at high
temperatures but demonstrating the transport properties of
an insulator at low temperatures where the SMM-specific
features just start to be manifested. The recently synthesized
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complex (BEDO)4[ReFg] - 6H,0 [14] (BEDO-ReF6) studied
in this report is, among quite a few systems, the single one,
to our knowledge, in which the reasonably high conductiv-
ity provided by BEDO radical cations and single-molecule
magnetism due to [ReFg]*t anions [15] coexist in the same
temperature range.

Undoubtedly, studying the quantum properties of SMMs
at ultralow temperatures is of the greatest research interest.
On the other hand, understanding the mechanisms of relax-
ation and decoherence in SMMs is important for fundamental
knowledge and valuable for practical manipulations of the
electronic spin properties of molecular nanomagnets. There-
fore, information on spin dynamics over the entire tempera-
ture range, from uncorrelated spins at high temperatures to
their collective state at low temperatures, is also significant.

Nuclear magnetic resonance (NMR) studies of various
SMMs [16] have pointed to a universal nuclear spin-lattice
relaxation mechanism related to a characteristic frequency
. in the excitation spectrum of electronic spin fluctuations.
Early on it was realized [17-21] that in fact w., or the
decay time 7, = 1/w,, characterizes the relaxation process
of the total magnetization of the SMM, M, driven by spin-
phonon interaction. The strongly temperature-dependent w,
decreases dramatically, by several decades, upon cooling from
moderately high temperatures (ca. 100 K) down to the low-
temperature QTM region (usually below 4.2 K) [19]. When
w, lies in the region of Larmor frequencies of NMR it can be
probed with nuclear spin-lattice relaxation rate measurements.
At lower temperatures, o, falls down to the acoustic frequency
range and can be accessed by conventional ac susceptibility
techniques.
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In this paper we report 'F NMR experiments performed
on BEDO-ReF6 and its parent complex (PPhy),[ReFg] -
2H,0 (PPh4-ReF6). The temperature dependences of w, ex-
tracted from the measured spin-lattice relaxation rate are pre-
sented and described together with the low-temperature/low-
frequency data obtained from the ac susceptibility published
previously [14,15].

II. EXPERIMENTAL PROCEDURE

The measurements on BEDO-ReF6 reported in this paper
were done on the same powder sample, m = 9.56 mg, used
for ac susceptibility measurements in a recent publication
[14], where the details of its synthesis and structure are also
presented. The dc susceptibility, x, required to analyze the
NMR data was measured under an applied field of 1 kG in
a field-cooled regime using the VMS option of a Quantum
Design PPMS-9T magnetometer.

An ~10-mg powder sample of PPh-ReF6 was used for
NMR. NMR was measured under an applied field of 7 T using
a Bruker MSL300 spectrometer equipped with an Oxford
CF1200 flow cryostat.

The fluorine spin-lattice relaxation was measured using
standard saturation-recovery pulse sequence, 10 x (#7,2 —
1) =T —typ — 1 —t; — 1/, acqusition, with /2 pulse
length ;> = 1 pus and " = 10 us. The measured saturation-
recovery transients M (t) were not simple single-exponential
functions, which often happens in systems in which nuclear
spins relax in different environments of magnetic ions and
thus have different relaxation rates [22,23]. In this case the
spin-lattice relaxation time, 77, can be evaluated using a
stretched-exponential function,

M(7) = Mso(1 — exp(—7/T1)"), ey

with 0.5 < p < 1. For both samples, expression (1) provided
excellent fits to the measured saturation-recovery transients
over the whole temperature range. In order to illustrate this
we plot in Fig. 1 the value In[1 — M (7)/M] as a function of
(r/T)?, where Ty and p are parameters derived from the fits
with Eq. (1) to M (t) measured in BEDO-ReF6 at T = 4.2, 50,
and 271 K. One can see that, as expected, in this presentation
the recovery curve at either temperature is a straight line
with a slope of —1. Temperature dependences of the derived
parameter p are presented in Fig. S2 of the Supplemental
Material [24].

The samples are apparently stable over many months.
First, NMR data on BEDO-ReF6 were taken immediately
upon completion of the susceptibility measurements. Eighteen
months later when all NMR data had been collected, we
remeasured the NMR at several temperatures in the range
5-200 K and found no change either in the spectrum shape
or in the relaxation times, 77 and 7>.

III. RESULTS AND DISCUSSION

Temperature dependences of the product xgr.7 and of
1/xre for BEDO-ReF6 are presented in Fig. 2. Here yg. is
the T-dependent contribution to the total measured suscep-
tibility, x, related to 5d Re*" moments: xge = x — xo. The
T -independent term xo = 0.005 emu/mol is the sum of the
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FIG. 1. '°F spin-lattice relaxation curves for BEDO-ReF6 at T =
4.2 K (squares), T = 50 K (circles), and T = 271 K (triangles) as
a function of the reduced delay (t/7;)”. Parameters 7; and p are
derived from the fits with Eq. (1) to the measured M(7).

diamagnetic contribution from the closed electronic shells and
the paramagnetic one related to conduction electrons.

The apparent linearity of 1/xgr.(7") in Fig. 2 suggests
the Curie law xg. = C/T with C = 1.3 emu - (mol - K)~!,
corresponding to per = 3.22u5. However, the xreT product
reveals a decrease below this value at low temperatures. The
origin of this decrease should be the same as in the precursor
compound PPh-ReF6, where it has also been observed and
ascribed to single-ion anisotropy (zero-field splitting) [15],
because large distances between [ReFg]>™ ions makes inter-
action between them unlikely.

The 'F NMR peak in PPh-ReF6 is about twice as broad
as in BEDO-ReF6 (see Fig. S1 of the Supplemental Material
[24]) over the whole temperature range. Upon cooling, its full
width at half-maximum increases from 25 kHz at 273 K to
250 kHz at 15 K. The spin-spin relaxation time, 7, in both
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FIG. 2. Temperature dependence of the yg.7T product for BEDO-
ReF6. Inset: Temperature dependence of 1/ xge.
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FIG. 3. Temperature dependences of the fluorine spin-lattice re-
laxation rates in PPh-ReF6 (open circles) and BEDO-ReF6 (filled
circles). The dashed line represents T,™' o T.

samples decreases from 150 to 25 ps in the same temperature
interval. The extreme growth of the linewidth and spin-spin
relaxation rate, Tz_l, known as the “wipeout effect” [25],
results in a dramatic decrease in the signal intensity at low
temperatures. In combination with the quite long 7j, this
makes data acquisition rather problematic. That is why the
data for PPh-ReF6 below 15 K could not be collected with
a reasonable signal-to-noise ratio.

The fluorine spin-lattice relaxation rates, Tl’l, measured
in PPh-ReF6 and BEDO-ReF6 are shown as a function of
the temperature in Fig. 3. As in many other SMMs such
as molecular rings and clusters with 3d metals [16,22,26],
the relaxation rate of both of the studied compounds is
nonmonotonous in temperature and demonstrates a promi-
nent peak around a temperature 7, = 95 £ 5 K for BEDO-
ReF6 and 7, = 75 £ 5 K for PPh-ReF6. Upon cooling below
T, Tl_l in both compounds decreases rapidly; however, in
BEDO-ReF6 the T dependence of the relaxation rate below
T ~ 30 K is less steep, close to the Tl’l o T behavior shown
by the dashed line in Fig. 3.

The spin of the fluorine nucleus is 1/2, which means that
its spin-lattice relaxation can only be caused by '°F Larmor-
frequency fluctuations of an effective magnetic field induced
at the nucleus site. In PPh-ReF6 and BEDO-ReF6 the relevant
field is the hyperfine field from the local magnetic moments
of Re*". The case is very similar to the proton relaxation in
3d-metal-based molecular rings [16,22,27] so the approach
developed for its analysis can be utilized for Tl_1 data in ReF-
based systems. The approach is based on Moriya’s theory of
nuclear relaxation in paramagnets [28]. Assuming that both
the relaxation and the fluctuation of Re ion magnetization are
driven by a dominant single correlation frequency, w,, that
modulates the hyperfine field at the nuclear site [27,29], the
expression for the relaxation rate is

wc(T)

T = AxpeT ————,
1 XRe CU%(T)-FC()L

@

where wy is the fluorine Larmor frequency and A expresses the
square hyperfine (dipolar) coupling. In order to extract w.(7T")
from the measured Tfl data, we construct the normalized
relaxation rate,

1 w:(T)

R= =A . 3
TixgeT — @X(T)+ o} ®)

For BEDO-ReF6 we use the xreT shown in Fig. 2; the
data for PPh-ReF6 have been taken from Ref. [15]. Strictly
speaking, xr. measured at the same field as 7, that is, 7 T,
should have been used here. However, we believe that we
can safely use the low-field (0.1 T) data for xre because we
stay in the low-field, high-temperature regime upH < kgT
(T > 25K for BEDO-ReF6, T > 15 K for PPh-ReF6). In
this temperature range xgre values in both samples demon-
strate temperature dependences of a Curie-type paramagnet,
C/T, and also a linear field magnetization (see Fig. 2 for
BEDO-ReF6 and Fig. 2 in Ref. [15]), which implies a field-
independent susceptibility.

The temperature dependences of R (shown in Fig. S3 of
the Supplemental Material [24]) are qualitatively the same
as TI’I(T ) (Fig. 3) because of the gradual behavior of
xT (T) in both samples, with the maxima in R(T) appear-
ing at the same temperature, 7, as in Tl_l(T). According
to Eq. (3), the maximum value of R, = R(T},) is reached
when w.(T') = w;, which yields R, = A/2w; = 2.7 and 1.75
(s - K - emu/mol)~! for BEDO-ReF6 and PPh-ReF6, respec-
tively. Finally, we make the substitution A = 2R ;. in Eq. (3)
and solve it with respect to w,.

The resulting temperature dependences of w. for BEDO-
ReF6 and PPh-ReF6 derived from the nuclear spin-lattice
relaxation data are shown in Fig. 4. For BEDO-ReF6 we
have omitted the data below T ~ 25 K where the relaxation
through conduction electrons becomes significant, according
to Fig. 3.

As shown in Fig. 4, w. at T < T, follows a power-law
T dependence w, o T" with n ~ 2.3 £ 0.1, similarly to 3d-
metal-based SMM complexes, where w, o< T3%03 [22]. The
normalized relaxation rate, R(T"), calculated using Eq. (3)
with w, & T", is plotted in Fig. S3 of the Supplemental
Material [24].

In the same plot with w, data derived from NMR (Fig. 4),
we show the values w, = 1/7. obtained from the low-
frequency (<10-kHz) measurements of the imaginary part of
the dynamic susceptibility, x”, reported in Refs. [14,15]. As
one can see, the two data sets span over 107 of the change in
., going from 2 to 300 K. Though we are currently lacking
the data in the region 4-15 K (up to 25 K for BEDO-ReFb6),
we attempted to fit the o, data obtained from both NMR
and low-frequency ac susceptibility measurements, x”, with
the sum of the Orbach, Raman, and T'-independent QTM
contributions [30],

@ = Tog + Tram + Tqmae (4a)
where
To = To exp(A/kpT), (4b)
TRam = CRam Tﬁma (4C)
ToTM = const. (4d)
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FIG. 4. Temperature dependences of the correlation frequency
of electronic spin fluctuations, w,, extracted from the fluorine spin-
lattice relaxation rate (circles), and the inverse decay time of the mag-
netization, 1/7., determined from the low-frequency ac susceptibility
measurements (squares) for (a) BEDO-ReF6 and (b) PPh-ReF6.
Dash-dotted blue lines are power-law fits to the data at a moderately
high temperature. Solid red lines are best fits to low-7 data using
Egs. (4).

Quite expectedly, Egs. (4) fail to describe the whole range
of w.(T) data in Fig. 4. Prioritizing to best fit the low-
temperature/low-frequency region of w, obtained directly
from the ac susceptibility measurements, we successively
lowered the upper T-range limit of the w.(7) NMR data
set until the extracted fit parameters changed negligibly upon
subsequent iteration. The fits converged for BEDO-ReF6 at
T < 90 K and for PPh-ReF6 at T < 40 K, as shown in Fig. 4,
with parameters listed in Table I.

In Fig. 5 we plot the inverse values, 1/w. = 1., as a
function of 1/T, together with the fits according to Egs. (4)
with parameters listed in Table I, to illustrate the quality of
the fits to the low-frequency/low-temperature data.

The normalized relaxation rate, R(7"), calculated using
Eq. (3) with w, in the form of Eq. (4) with parameters listed
in Table 1, is plotted in Fig. S3 of the Supplemental Material
[24].

As one can see in Figs. 4 and 5, Egs. (4) provide adequate
fits to the low-temperature data obtained from the ac yx
measurements and track at least five orders of magnitude of

TABLE I. Components of Eq. (4a) with parameters obtained
from the fits to w, (Fig. 4) in the range 2—40 K for Ph4P-ReF6 and
2-90 K for BEDO-ReF6. All t’s are given in seconds; T should be
taken in kelvins.

Ph4P-ReF6 BEDO-ReF6
Tom 2.5 x 107 exp(30/T) 2.5 x 107 exp(42/T)
TRam 1.57737 0.0474
TQTM 2 x 1073 10—3

the temperature growth of w, up to the NMR range. This de-
scription is more thorough compared to the single-component
Orbach-type fits suggested in Refs. [14,15]. According to the
parameters extracted from the fits, both studied systems ex-
hibit similar magnetization dynamics, especially concerning
Orbach and QTM contributions. A rather big difference in the
Raman contributions to w, originate, probably, in the crystal
structure: the apical distances in BEDO-ReF6 are essentially
shortened [14] compared to those in PPh-ReF6. What is most
important, Eqgs. (4) enable a bridge between w, data derived
from ac x and from NMR, indicating that the two experimen-
tal techniques indeed probe the same physical quantity. This
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FIG. 5. Decay time t. = 1/w, (reciprocals of the data shown in
Fig. 4) as a function of the inverse temperature for (a) BEDO-ReF6
and (b) PPh-ReFo6. Circles, NMR; squares, ac x . Solid lines represent
the inverse of Eq. (4a) with parameters listed in Table 1.
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clearly demonstrates the possibility of measuring w,. using
different experimental methods, as suggested before [18].

IV. SUMMARY

Fluorine NMR of two [ReFg]2-ion-based SMMs, one in-
sulating (PPh-ReF6) and the other conducting (BEDO-ReF6),
has been performed. Analysis of the spin-lattice relaxation
has yielded temperature dependences of the characteristic
frequency of electronic spin fluctuations, w.. In combination
with the inverse decay time of the magnetization, 1/t., de-
termined from the low-frequency ac susceptibility measure-
ments, it enables tracking of the spin dynamics in studied
SMMs over seven orders of magnitude. A model that includes
Orbach, Raman, and QTM contributions to the magnetization
relaxation bridges the data obtained by the two rather different
experimental techniques, which infers that they indeed probe
the same physical quantity. In terms of magnetic properties
the two studied systems are found to be essentially alike.

However, in the conductor BEDO-ReF6 the nuclear spin-
lattice relaxation at 7 < 30 K tends to 7T'-linear dependence,
which implies that conduction-electron-mediated relaxation
becomes the dominant relaxation mechanism.
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