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We report a detailed proton NMR study, as a function of temperature and external magnetic field, of two
hexanuclear manganese magnetic molecule clusters with chemical formula [MngO,(O,CMe),(salox)e
(EtOH)4]-4EtOH (in short Mng acetate) and [MngO,(O,CPh),(salox)e(EtOH),]-4EtOH (henceforth Mng ben-
zoate). Both clusters are characterized by a ferrimagnetic ground state with total spin S;y=4 and a large uniaxial
anisotropy, which gives rise to an effective energy barrier for the relaxation of the magnetization of the order
of U~ 28 K. The main characteristics of the 'H NMR spectra (measured between 1.5 K and room tempera-
ture for different fields) are explained in terms of the dipolar hyperfine interaction of the proton nuclei with the
adjacent magnetic ions. At low temperatures (7<<3.5 K), the spectra broaden significantly and become struc-
tured due to the slowing down of the local fluctuating fields at the proton sites, caused by the gradual freezing
of the Mn>* moments into the S;=4 collective ground state. The spin dynamics of the exchange coupled
magnetic ions was also probed by proton spin-spin relaxation rate T;l and spin-lattice relaxation rate TT'
measurements. On decreasing the temperature, a gradual enhancement of both relaxation rates is observed,
followed by a significant decrease of the signal intensity (wipe-out effect). The low frequency regime of the
spin fluctuations as probed by TTI, can be described and analyzed in terms of a single characteristic correlation
frequency w.(T), which is interpreted as the lifetime broadening of the discrete magnetic energy levels due to

spin-phonon interactions.
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I. INTRODUCTION

The recent progress in the field of molecular chemistry
has made feasible the synthesis of a large variety of crystal-
line structures built from identical molecular units. Each
such unit contains a relatively small number of magnetic
transition metal ions embedded in a large, nonmagnetic or-
ganic matrix. These ions are strongly coupled via intramo-
lecular super-exchange interactions J of typical order of a
few tens of Kelvin, while being magnetically “shielded”
from ions belonging to adjacent molecular units due to the
presence of the large organic matrices. Hence, the intermo-
lecular magnetic interactions are typically of dipolar origin
and thus, for most cases, can be neglected.1 Accordingly, the
measurements in bulk crystalline samples reflect the mag-
netic properties of each “single-domain particle.”

The research in the field of molecular magnetism has been
very active with particularly emphasis being given to the
study of molecular clusters with high spin ground states and
large, negative magnetoanisotropy (such as the Mn;,, Feg,
and Fe,). The interest in these so-called single molecule
magnets (SMM’s), relies on the remarkable manifestation of
purely quantum effects at low 7, such as macroscopic quan-
tum tunneling of the magnetization>* and quantum interfer-
ence effects.’

Of particular experimental and theoretical interest has
also been the study of the electronic spin correlations. One
can follow the evolution of these correlations from the high
temperature regime (7>J/kg), where thermal fluctuations
dominate and the ions behave independently (zero dimen-
sional paramagnet), down to intermediate T (T~J/kp),
where correlations have been established by the exchange
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interactions, and finally to very low T where each molecular
unit occupies its collective ground state. In addition, and
because of the discreteness of the magnetic energy spectrum,
the effects of the various small interactions of the exchange
coupled spins with the excitations of the thermal bath (for
instance phonons) are also of great interest. Such small in-
teractions cause a long-time decay of the spin fluctuations,
which in turn can be probed by dynamic NMR measure-
ments. For instance, for the so-called antiferromagnetic
(AFM) ring systems, it has been found that the characteristic
cut-off frequency of the long-time decay of the electronic
spin correlations decreases by a few orders of magnitude
when decreasing the temperature below J/kp, and this is
manifested in measurements of 7;' by an enhancement at
T~J/kg (Refs. 6 and 7). In SMM’s, a similar enhancement
has also been observed in 7;' and 7,', but the corresponding
analysis had been hindered by a simultaneous gradual loss of
the signal intensity. A detailed analysis of this so called
“wipe-out effect” in the SMM’s can be found in Ref. 8,
which includes some of our data from the two present
SMM’s. Here, we present and analyze the full body of our
data and provide additional information on the static and
dynamic properties of these two SMM’s.

The two hexanuclear molecular clusters of the present
study belong to a class of SMM’s consisting exclusively of
Mn** ions.” Except for their different ligands and the fact
that the Mng benzoate comprises two nearly identical hexa-
nuclear molecules per unit cell, these two samples have quite
similar molecular structures. Each molecule consists of two
exchange coupled triangular spin units. The competition be-
tween antiferromagnetic and ferromagnetic exchange inter-
actions stabilizes a ferrimagnetic ground state of collective
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total spin S;y=4.° Both molecular clusters have a uniaxial
anisotropy (with anisotropy constant D=-1.75 K), which
gives rise to a zero-field splitting of the ground state that in
turn is responsible for an energy barrier U, for the reorien-
tation of the magnetization at low temperature.’ The relax-
ation time of the magnetization follows an Arrhenius type of
equation, T=7oe*", with U,;~28 K and the pre-
exponential factor 7, is 7,=3.6 X 107 s for the Mn, acetate,
and 7,=2.3X107% s for the Mn, benzoate.’

The organization of this paper is as follows. We begin, in
Sec. II, by giving the experimental details about our NMR
measurements. In Sec. III, we present and analyze the experi-
mental results for the line shape, signal intensity, the nuclear
spin-spin relaxation time 75, and the spin-lattice relaxation
time T, both as a function of temperature and applied mag-
netic field. A short summary of the present study with our
conclusions is finally given in Sec. IV.

II. EXPERIMENTAL DETAILS

We have performed 'H NMR measurements on polycrys-
talline Mng acetate and Mng benzoate samples using standard
Fourier transform (FT) pulse NMR spectrometers. Two con-
tinuous flow cryostats were employed for measurements in
the range 4—300 K and a bath cryostat for measurements in
the range (1.5-4.2) K. The NMR spectrum was obtained
from the FT of the half echo spin signal whenever the whole
line could be irradiated with one radio frequency (rf) pulse.
In case of a large width resonance line the spectrum was
obtained either by (i) the spin echo, point per point method at
different values of the irradiation frequency or (ii) for ex-
tremely wide lines by changing the external magnetic field
while keeping the irradiation frequency constant (see Fig. 3).
The 'H spin lattice relaxation 7,' rate was measured at the
center of the spectrum by monitoring the recovery of the
nuclear magnetization following a saturating comb of rf
pulses. Because of the presence of many inequivalent proton
sites in the cluster the recovery of the nuclear magnetization
was nonexponential. The TTI values reported here have been
calculated from the initial decay of the recovery curve, and
thus correspond to an average relaxation rate of the non-
equivalent protons. The proton spin-spin relaxation rate T;l
was obtained using a standard Hahn echo pulse sequence.

III. RESULTS AND DISCUSSION
A. Proton NMR spectra

"H NNR spectra for Mng acetate and Mng benzoate were
acquired as a function of temperature at different magnetic
fields. Typical proton NMR spectra are shown in Fig. 1(a) at
4.7 T for selected temperatures in case of Mng acetate (simi-
lar lines were observed for Mng benzoate). By decreasing
temperature a continuous broadening of the NMR spectrum
is observed while no appreciable frequency shift of the peak
from the Larmor frequency was found indicating that the
broadening mechanism is of dipolar origin.

At room temperature the full width at half maximum
(FWHM) of the 'H NMR spectrum varies linearly with the
magnetic field [see Fig. 1(b), for Mng acetate], and its mag-
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FIG. 1. (a) '"H NMR spectra at selected temperatures for Mng
acetate, at 4.7 T. The line at 296 K was obtained from the FT of the
half echo spin signal while the lines at 4 and 9.8 K, were acquired
by the point per point method. (b) "H NMR linewidth Av (FWHM)
vs field for Mng acetate at room temperature. The solid line is linear
fit according to Eq. (3), with parameters A,=3.47 X 10> cm~ and
Avy=18.5 kHz.

nitude is of the order of a few kilohertz. The width of the
proton NMR spectrum is a measure of (a) the dipolar inter-
actions between the nuclei and (b) the dipolar hyperfine in-
teractions of the nuclei with the neighboring magnetic ions.
Due to the large number of protons in each molecule that
have different dipolar hyperfine coupling with the adjacent
Mn3* ions, a distribution of paramagnetic shifts exists that
broadens the NMR line inhomogeneously. In the presence of
magnetic dipolar broadening and above the freezing tem-
perature, the FWHM, Av, can be written as!®!!

Av=Avy+ (Av),y,. (1)

The first term, Awy, is the intrinsic linewidth for dipolar in-
teractions between the 'H nuclei and it is field and tempera-
ture independent. The second term, (Av),,;,, is the inhomoge-
neous linewidth, which can be expressed in terms of the local
susceptibility X=X/ N (N, the number of magnetic ions
per molecule) as

_Sw)

(AV)inh _ ﬂH?ocal _ ~
r3H0’

173 27 v

2)

zZXm

Here, VL=;TI:H0, denotes the proton Larmor frequency, x,, is
the magnetic susceptibility, A, is the component of the hy-
perfine coupling constant along the applied magnetic field
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FIG. 2. Temperature dependence of the magnetic susceptibility
Xy (solid line) and the 'H NMR full width at half maximum
(FWHM) divided by the Larmor frequency, v;, for Mng acetate in
(a) and for Mng benzoate in (b). The quantity FWHM/ v;, is plotted

at two different irradiation frequencies i.e., 31.99 MHz and
200 MHz, for each molecular cluster.

H,, and r is the mean distance between the '"H and Mn3*
ions. According to Egs. (1) and (2), the linewidth Av can be
written as

AVZAz)(MVL+AV0, (3)

i.e., the FWHM is field dependent and follows the tempera-
ture dependence of the magnetic susceptibility x,, At a
given temperature, a linear frequency dependence of the
FWHM is expected, as indeed observed in Fig. 1(b), for Mn,
acetate. The experimental data were fitted by the Eq. (3), and
the parameters Ay, and A, were estimated from the fit.
Given that x,,(295 K)=1.44 X 1072 cm?/Mn-atom, we
found A,=3.47 X 10?2 cm™ and Av,=18.5 kHz. The value of
A,=3.47%10% cm™ corresponds to an average distance
r=3.1 A, between the H and Mn3* ions which is of the cor-
rect order of magnitude, since the corresponding distances in
the molecule cover a range from 2.37 A to 6.45 A.°

The temperature evolution of FWHM was studied for
both samples, from room temperature to 4 K, for two differ-
ent fields, i.e., 0.75 T and 4.7 T. The experimental data for
the FWHM, were divided by the Larmor frequency and the
results are presented in Fig. 2(a) for Mng acetate and in Fig.
2(b) for Mng benzoate. On decreasing the temperature, a
monotonic increase of the FWHM is observed, and at low 7,
the FWHM becomes of the order of MHz. The temperature
dependence of the FWHM can be understood in terms of the
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FIG. 3. 'H line shape measurements at low temperature ob-
tained at three different irradiation frequencies for Mng acetate: (a)
31.984 MHz, (b) 49.91 MHz, and (c) 60.024 MHz. The vertical
axis is the NMR signal intensity multiplied by the Boltzmann
factor.

Eq. (3). After dividing the FWHM by the Larmor frequency
v, the field dependence of the linewidth at low temperature
is removed: i—f=AZ)(M+ AV—';U and the T dependence of the line-
width arises from the 7" dependence of the susceptibility x,;,
as can be seen in Figs. 2(a) and 2(b).

The 'H NMR spectrum of both Mng samples, broadens
and remains structureless, down to 4 K. Due to the extreme
broadening (the spectrum covers a range of a few MHz at
low T), the line shape measurements for the Mng acetate at
T<4.2 K were performed by varying the magnetic field in-
tensity while keeping constant the irradiation frequency v;.
The measurements were acquired at three different irradia-
tion frequencies, 31.98 MHz, 49.91 MHz, and 60.024 MHz,
and the results are shown in Fig. 3. The main line of the
spectrum remains unshifted down to the lowest measured
temperature, for all the different irradiation frequencies, as
expected for protons coupled to Mn®* ions via dipolar inter-
actions. Apart from this central line, three more weak and
shifted peaks emerge at lower temperatures (their position is
marked with arrows in Fig. 3). The shift AH;=H;,—H,, of
each peak from the Larmor field H, (H; is the magnetic
field at the center of each peak), is the same for all the
different irradiation frequencies, as can be seen in Fig. 3, and
the magnitude of the local field for each peak is
AH,=-025T, AH,~-0.07T, and AH;=0.17 T. The
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FIG. 4. (a) Normalized '"H NMR signal intensity vs T at 0.75 T
(open circles) and 4.7 T (filled circles) for Mng acetate. The solid
line is the fit to the data according to Eq. (4). (b) 'H spin-spin

relaxation rate Tgl vs temperature for Mng acetate at 0.75 T (open
circles) and 4.7 T (filled circles).

above experimental findings demonstrate that at low T (ap-
proximately 3.5 K) a spontaneous dipolar hyperfine field at
the proton sites builds up, as the result of a frozen spin con-
figuration of the Mn®* moments in the S;=4 ground state of
the molecule. A static hyperfine field is anticipated providing
that the lifetime of the corresponding magnetic state is longer
than the inverse frequency shift of the proton NMR line from
the Larmor frequency (estimated as 8X107%s from
Fig. 3).!>13 An estimate of the average lifetime of the mag-
netic states according to our analysis (see below) gives that
the average lifetime of the excited states is longer than
8 X 1078 s below 10 K. The appearance of the shifted lines at
even lower temperature is a result of the decreasing popula-
tion of the excited states, and the subsequent increase of the
population in the ground state, along with the progressive
decrease of the frequency width of the magnetic states (see
below).

B. Proton NMR signal intensity and spin-spin relaxation time
T, measurements: wipeout effect

In order to investigate the dynamic spin freezing process
and the related phenomena more thoroughly, we have per-
formed detailed "H NMR signal intensity measurements as a
function of temperature at two different external magnetic
fields. The results are presented in Fig. 4(a) for Mng acetate
and in Fig. 5(a) for Mng benzoate. Details about the calcula-
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FIG. 5. (a) Normalized 'H NMR signal intensity vs T at 0.75 T
(open stars) and 4.7 T (filled stars) for Mng benzoate. The solid line
is the fit to the data according to Eq. (4). (b) 'H spin-spin relaxation
rate TEI vs temperature for Mng benzoate at 0.75 T (open stars) and
4.7 T (filled stars).

tion of the signal intensity can be found in Ref. 8. The freez-
ing of the spin dynamics, as the system evolves towards its
magnetic ground state, is accompanied by significant varia-
tion of the "H NMR signal intensity. In particular, a remark-
able loss of the signal intensity (wipeout effect) is observed
in the intermediate temperature range (from 80 K down to
4 K). The temperature dependence of the signal intensity
was found to be field independent, according to measure-
ments performed at 0.75 T and 4.7 T, for both samples, as
can be seen in Figs. 4(a) and 5(a). The wipeout effect is due
to the gradual enhancement of the spin-spin relaxation rate,
1/T,, which takes place below 80 K [see Fig. 4(b) for Mng
acetate and Fig. 5(b) for Mng benzoate]. The temperature
dependence of the spin-spin relaxation rate 75', and subse-
quently of the signal intensity, can provide useful informa-
tion for the spin dynamics of the magnetic ions. The relax-
ation rate 751, in the fast motion approximation is related to

the spectral density of the fluctuating hyperfine field at zero
(6u3)
frequency, i.e., TEI=)/,2V(5H§) 7(T)=y]2\,r—l:T(T), where 6H.

is the local longitudinal fluctuating field originating from the
Mn?* magnetic moment at a distance r apart from the proton
spin, and T) gives the correlation time, which is deter-
mined by the dynamics of the magnetic ions. The magnitude
of the relaxation rate 75", varies among the nuclei since the
local field 6H, depends on the relative distance, r, between
the magnetic ion and the proton site. On decreasing the
temperature a fraction of protons, in particular the ones
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which are closer to the magnetic ions, attain relaxation times
T, faster than the dead time of the spectrometer
(T,<71;=10 us) and thus, they do not contribute to the sig-
nal intensity, while the more distant protons have slower re-
laxation time (7,>7,) and can be detected. The loss of the
signal intensity (wipeout effect) has been found to be a com-
mon feature in the FM clusters,>'* and has explained and
analysed in Ref. 8, in terms of a simple and intuitive model.
The number of the protons n(7T) that contribute to the NMR
signal intensity at each temperature according to this model
was found to be®

ST ——
n(@ _, _ YN\‘<5::‘;e>\ D). @
ny R
where ny is the total number of protons in each molecule, and
R" accounts for the distance between the magnetic ion and
the more distant proton sites. The above formula was used to
fit the signal intensity data in Figs. 4(a) and 5(a) (solid line)
where for the temperature dependence of the correlation time
7(T) a power law of the form 7(T)=cT3> (T in Kelvin) was
used. This power law temperature dependence of the corre-
lation time was originally obtained by an 'H NMR study in a
series of AFM molecular rings,6 and later used in Ref. 8 to
reproduce both the signal intensity and the spin-lattice relax-
ation rate 77 measurements in a series of SMM’s. The ad-
justable parameters in Eq. (4) are the terms \{(Su”)/R"> and
¢ [from the temperature dependence of 7(T)]. The factor
\/(8,uz>/R*3 can be considered as the local hyperfine field
experienced by the most distant proton sites and is found to
be 343 G for Mng acetate and 331 G for Mng benzoate, be-
ing of the correct order of magnitude for both samples. The
value of the parameter ¢ is found to be the same,
¢=4 X 1079 sec/rad, for both clusters.

The abrupt drop of the signal intensity is followed at even
lower temperatures (7,~ 3.5 K) by a recovery of intensity as
can be observed in Fig. 3 for Mng acetate. This recovery of
the signal intensity occurs as the system enters in a frozen
spin configuration, which is evident from the appearance of
shifted peaks in the low T spectra (Fig. 3), and can be quali-
tatively explained as follows. For T lower than some charac-
teristic temperature 7', the correlation time 7(7) becomes so
long that, 7ydH,~1, i.e., the fast motion approximation
breaks down and the local field 6H, becomes static in the
time scale of the Larmor precession period in the local field
itself. As a consequence the line broadens inhomogeneously,
the spin-spin relaxation time 7, increases again towards the
value corresponding to nuclear dipolar interactions, and the
NMR signal intensity recovers, similar to what have been
reported in other SMM’s.®13

C. Spin-lattice relaxation time 7',

The spin-lattice relaxation rate, T], iS a unique micro-
scopic probe of the low frequency (or long time) regime of
the spin fluctuations of the exchanged coupled Mn** ions,
since the dominant relaxation mechanism for the nuclear
spins is the dipolar hyperfine interaction. In the weak colli-
sion perturbative approximation the spin-lattice relaxation
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FIG. 6. 'H spin-lattice relaxation rate TII as a function of the
external magnetic field H measured at room temperature for Mng
acetate. The solid line is the fit to the data according to Eq. (6).

rate is proportional to the spectral density of the electronic
spin fluctuations evaluated at the Larmor frequency, w,;.>'¢
Assuming isotropic Heisenberg interactions only and that in
the long time regime the correlation functions decay expo-
nentially with a single correlation time 7(7), one can express

the relaxation rate 77" as®!®!7
1 wo(7)
— a2 (5)
T, wy(T) + o)

Here the parameter A contains geometrical information about
the relative distances and orientations of the protons with
respect to the electronic spin sites, y is the uniform magnetic
susceptibility and w(T)=7(T)"! is the lifetime broadening of
the discrete energy levels due to the transitions induced by
the bath. Thus, by measuring the nuclear spin-lattice relax-
ation one can gain information about the relaxation processes
of the electronic spin system driven by the interaction with
the bath.

The proton spin-lattice relaxation rate Tl‘1 for Mng acetate
is shown in Fig. 6 as a function of the external magnetic field
at room temperature. The field dependence is well repre-
sented (solid line in Fig. 6) by the formula

L ed

I
T, w(z)(T) + a)i

with  A’=1.25X%10"'? rad?/sec?, wp=3X 108 Hz, and
C=7.8 X 10%> Hz. The prefactor A’ corresponds to the prod-
uct AxT of Eq. (5) and is of the correct order of magnitude.
The constant term C accounts for additional contributions to
the spin-lattice relaxation related with the presence of aniso-

+C, (6)
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FIG. 7. (a) 'H spin lattice relaxation rate TTI vs temperature for
Mng acetate at 0.75 T (open circles) and 4.7 T (filled circles). (b)
'H spin lattice relaxation rate TTI vs temperature in Mng benzoate
at 0.75 T (open stars) and 4.7 T (filled stars). The lines are fits
according to Eq. (5).

tropic interactions [e.g., anisotropic exchange, intercluster
couplings, or single ion anisotropies’ not included in Eq.
(5)]. More generally, the characteristic enhancement of 77 I at
low fields is similar to what has been reported in other mo-
lecular nanomagnets,” and according to Eq. (6), expresses the
fact that the low frequency part of the electronic spin fluc-
tuations is peaked at low fields.

The spin-lattice relaxation rate 7', was also studied as a
function of temperature, in two different fields (0.75 T and
4.7 T), for Mng acetate [Fig. 7(a)] and for Mng benzoate
[Fig. 7(b)] and was found to be strongly temperature depen-
dent. Specifically, by decreasing 7" an enhancement of Tl'1 is
observed below 100 K, followed by a broad maximum at
T~20 K, similarly to what has been observed in other FM
clusters and antiferromagnetic (AFM) rings with local spins
s> 1/2.9%18 The enhancement of T, appears simultaneously
with the increase of the spin-spin relaxation rate Tgl [Figs.
4(b) and 5(b)] and is evidence of their common origin,
namely the increase of the correlation time (7) (slowing
down) by decreasing temperature. The spin-lattice relaxation
data at intermediate T can be fitted according to Eq. (5)
[solid lines in Figs. 7(a) and 7(b)], where we use for the
temperature dependence of 7(7) the same expression
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[H(T)=cT33] and the same values for the parameter c, we
used before to fit the signal intensity measurements. Consid-
ering that the amplitude of the fluctuations of the electronic
moment (x7) does not change appreciably in the temperature
range of interest, we can treat the term Ax7 as a fitting con-
stant. The fit to our data is satisfactory [solid lines in Figs.
7(a) and 7(b)], considering that the enhancement of T;l and
the subsequent loss of the signal intensity introduces some
uncertainty in the measured Tl'l data. Specifically, by de-
creasing T and due to wipeout effect, the reported values of
TT' correspond to the average relaxation rate of only a frac-
tion of the protons in the molecule, i.e., those with slow
relaxation rate, and not all the nuclei as was the case for
T>100 K. The values of the average square frequency
of the fluctuating transverse hyperfine field, Ax7, was found
to be 1.5X10" rad’/sec> for the Mn, acetate and
2.8 X 10" rad?/sec? for Mng benzoate which are of the cor-
rect order of magnitude.

IV. SUMMARY AND CONCLUSIONS

In this work, we have presented a thorough 'H NMR
study in two new ferrimagnetic SMM’s. From the '"H NMR
line shape measurements at different fields and temperatures,
we have shown that the width of the spectrum is proportional
to the magnetic susceptibility, demonstrating that NMR is a
direct probe of the local magnetic properties. The source of
the inhomogeneous broadening of the spectra is the dipolar
coupling between the protons and the localized manganese
ions. At very low temperatures (7<3.5 K), the width of the
"H NMR spectrum remains constant and additional lines ap-
pear whose relative shifts from the Larmor frequency are
field independent. The appearance of the shifted lines and the
recovery of the signal intensity imply the presence of local
static hyperfine fields due to the thermal occupation by the
molecules of the superparamagnetic ground state and the de-
crease of the lifetime time broadening parameter w,(T). The
temperature dependence of w,.(T) succeeds in explaining the
signal intensity measurements and in reproducing the tem-
perature dependence of Tl‘1 at the intermediate temperature
range. A significant result is that the electronic spin fluctua-
tions can be described well by this single correlation fre-
quency, having a similar power law T dependence, as found
in a number of AFM rings,%'® FM clusters'® and recently in
a crystal of LiY;_,Ho,F, with very dilute Ho concentrations,
x=0.002." A theoretical justification for such a temperature
dependence of w,(T) is still lacking, but its origin is believed
to be related to the electron spin-phonon interactions.
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