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Abstract: The study of magnetic relaxations in Mnj,-stearate single-molecule magnets deposited on
the surface of spherical silica nanoparticles was performed. For such a purpose, the investigation of
AC magnetic susceptibility dependence on the frequency and temperature was performed. Based on
the Argand plots obtained for different temperatures and temperature dependencies of susceptibility,
obtained for different frequencies of AC field, the corresponding relaxation times were derived.
Fitting to the Arrhenius law revealed the values of an effective energy barrier and a mean relaxation
time, which were consistent for both measuring techniques (U, ff /kg ~50K and 15 ~ 107 s) and
similar to the corresponding values for the analogous bulk compounds. Additionally, the obtained
relaxation parameters for the Mnj,-stearate molecules on the spherical silica surface were compared
with corresponding values for the Mnj,-based single-molecule magnets deposited upon other types
of nanostructured silica surface.
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1. Introduction

Nowadays, significant effort is being dedicated to the design and manufacture of new
nanosized materials with specific magnetic properties. Very attractive from such a point
of view seems to be the single-molecule magnets (SMMs)—low dimensional molecules
consisting of coupled paramagnetic metal ions, possessing unique magnetic properties
(magnetic hysteresis, slow magnetic relaxations, quantum tunneling effects) available at
the molecular level [1,2]. Due to such magnetic characteristics, SMMs have high applicative
potential in the fields of molecular spintronics, quantum computers and dense magnetic
memory devices [3]. However, to have the possibility of manipulating individual molecules
for the realization of nanoelectronic devices, it is necessary to deposit and separate SMMs
on the solid surface [4]. In this aim, different techniques and methods, as well as different
types of SMMs and solid substrate materials were applied and described in the literature.
A gold surface was the substrate of choice in the earliest investigations of SMM surface
deposition [5]. A variety of complexes of the most commonly used families of SMMs,
Mny;; and Fe4, have been specifically designed for direct deposition on gold substrate [6-9].
Furthermore, in numerous studies, the described approaches were extended to more
technologically relevant substrates (carbon, metal oxides, silicon) as well as other SMM
complexes [4,10]. However, despite the successful efforts for the organization of such
SMMs on the surface and using sensitive measurement techniques, the fact that SMMs
retain magnetic hysteresis and slow relaxation behavior when anchored to surfaces is not
always evident.

In our previous studies, the possibility of the successful deposition of Mnj,-stearate
(Mnj,-st) SMMs on the surface of silica nanoparticles was shown [11,12]. The nanostructured
silica substrate seems to be the ideal material for the deposition of such molecules providing
the preservation of their inner structure and magnetic properties [13,14]. Furthermore, the
application of the substrate with a developed surface allows for a very detailed analysis
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of the separated SMMs. In our case, considering the weight of the measured sample—
0.1 g—the corresponding surface area was close to 1.3 m? [11]. Such a property gives
the possibility for a very detailed analysis of the behavior of the SMMs distributed on
this surface. The detailed study of magnetic relaxation in surface-deposited SMMs could
reveal new interesting features of such structures, important for the practical applications
of similar magnetic systems. The sensitive instrument for the characterization of magnetic
materials that allows for obtaining additional information on the mechanism of slow
relaxation in SMMs is the dynamic magnetic susceptibility technique, also called AC
susceptibility, x ac [15]. Therefore, in the current study, the detailed analysis of magnetic
relaxation in Mnj;-st SMMs deposited on the surface of spherical silica was performed with
the use of AC susceptibility measurements. Furthermore, obtained data were compared to
the results of magnetic relaxations in similar magnetic materials.

2. Materials and Methods

The experimental material was a nanocomposite developed by our team: silica spheres
with a diameter of approximately 300 nm containing Mnj,-st single-molecule magnets
anchored at the surface with assumed concentration, as depicted in Figure 1. The control
of the distribution was realized by means of the spacer units and anchoring groups,
as we reported earlier [12]. In this case, the material containing six spacer molecules
per single anchored SMM was chosen. Such a material presented the most interesting
magnetic properties [14], and in our opinion, is worthy of further analysis. The synthesis
procedure was described in our previous work [12]. The investigated sample was denoted
as SilS—Mn12.
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Figure 1. Schematic representation of the investigated material—spherical silica nanoparticles
containing deposited Mnj,-st SMMs with controlled distance between molecules. Trimethyl silane
units play the role of spacers/separators between SMMs, maintaining the assumed distances between
them. The number of spacers per single magnetic molecules determines the distribution of Mny;-st
at the silica’s surface.

Magnetic measurements were carried out with the Quantum Design Magnetic Prop-
erty Measurement System (MPMS) magnetometer on the sample in a powder form. The
mass of the sample was 0.1 g, which includes the mass of the silica nanoparticles with
deposited Mnj,-st magnetic molecules. The measurements of the phase-sensitive AC sus-
ceptibility were based on the measurement of in-phase x and out-of-phase X’ components
of xac dependence on the temperature. The oscillating magnetic fields of T f =10 Hz
and f = 120 Hz were used in the temperature range from 2.0 K to 8.0 K. The frequency
dependence of x ¢ susceptibility was measured in the temperature range 3.0 K-5.0 K with
the amplitude of the oscillating field of 3 Oe and frequencies changing from 0.1 Hz to
1 kHz.



Magnetochemistry 2021, 7, 122

30f9

3. Results and Discussion

The frequency dependence of the x" and x” signals are a consequence of one or more
relaxation processes with characteristic relaxation time constants. A common way to
determine the relaxation time is the so-called Cole—-Cole plot [16], known in magnetism as
the Argand plot [17], where x" versus x is plotted for a given temperature and different
angular frequencies w. If the relaxation process is characterized by a distribution of
relaxation times, then the Cole—Cole expression is modified to the so-called extended
Debye model [16]:

XT —Xs
XwW)=xs+ — 34/
(@) 1+ (iwt)™*
/ 1+ (wt) ™ *sin (7a/2)
w) = Xs+ (XT —Xs -
rw)=xs+(r—x )1+2(wT)1 “sin (ta/2) + (w7)
1-a
" wT cos (rta/2
X' (@) = (rr = xs) ) _costme/2)
1+ 2(wt)" "sin(na/2) + (wT)

2—-2u’ @

2—2u’

where xr is isothermal susceptibility, xs is adiabatic susceptibility and « is a measure
of the distribution of the relaxation times. The latter parameter can be derived by the
experimental AC data in the Argand plot because the semicircle becomes an arc of a circle
with a central angle equal to (1 — a)7t. The angular frequency w at which the magnetic
absorption x' (w) reaches its maximum determines the relaxation time 7 of the relevant
relaxation process as T = w™!. As a result, by performing such an analysis for the sample at
different temperatures, it is possible to obtain the temperature dependence of the relaxation
time 7(T). In order to obtain information about the relaxation process for the case of
surface-deposited SMMs at the sample SilS-Mnj,, the AC susceptibility studies were
performed. Firstly, dynamic magnetic properties were studied with frequency-dependent
AC susceptibilities in the zero-applied DC field for the frequency range 0.1-1000 Hz. The
corresponding Cole—Cole plots for the temperatures from 3.0 K to 5.0 K with a driving AC
field amplitude of 3 Oe are presented in Figure 2.
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Figure 2. Argand plots for the sample SilS-Mnj, measured in the frequency range of 0.1 Hz-1000 Hz
with an oscillating magnetic field amplitude of H4c = 3 Oe for different temperatures (solid lines
represent the best fit to Equation (1)) (inset: corresponding data of temperature dependence of the
relaxation time on a log scale (solid line stands for the best fit to the Arrhenius function (2))).
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As can be seen, the obtained experimental data for each temperature differ con-
siderably from perfect semicircles and form arcs of size (1 — a)7r. Moreover, for each
temperature, most of the data lie in little flattened semi-circles. Such a behavior is typical
of a wide distribution of relaxation times [18]. The obtained results can be analyzed using
the extended Debye model by fitting AC susceptibility data to Equation (1). All of the
parameters corresponding to the best fits are summarized in Table 1. The fit reveals that pa-
rameter &, which gives information about the distribution of the relaxation, is temperature
dependent and continuously decreases up to the highest temperature of 5.0 K. The fitting
determines that for a temperature of 5.0 K, the parameter « — 0, which indicates that the
system reverts to the Debye form of a single relaxation time, while with the decreasing
temperature, a wide distribution of relaxation times is observed. The average distribution
of relaxation times is equal to approximately 0.3. This result is consistent with similar stud-
ies performed on other Mn;; complexes [19-21] and probably results from a distribution
of effective energy barriers, as a consequence of the distribution of environments of the
molecules in a sample in powder form [19]. Furthermore, the relaxation time increases
with the decreasing temperature.

Table 1. Fit parameters obtained from AC susceptibility data for sample SilS-Mn;, using the extended

Debye model.

TK xs@10 5emug 10e ) xr@105emug=!0e ) T (s) ®
3.0 3.84 (9) 11.65 (8) 1455672 (4)  0.582 (4)
35 3.78 (3) 10.51 (6) 136302 (1)  0.457 (7)

4 3.72 (1) 8.84 (2) 018202 (2) 0352 (3)
45 3.84 (1) 7.69 (1) 0.05274 (4)  0.192 (4)
5 4.003 (7) 6.94 (2) 0.0226 (1)  0.065 (5)

In addition to the a parameters, the effective time constants can be obtained for each
temperature from the reciprocal angular frequency at maximum absorption. The zero-field
relaxation times are the function of inverse temperature collected in the inset of Figure 2.
In the temperature range 3.0 K-5.0 K, the relaxation times can be approximated by an

Arrhenius law:

U,

7(T) = T9e %87, 2)

where 19 is the relaxation time at the high temperature limit, the U,y is effective energy
barrier and kp is Boltzmann constant. The fit of Equation (2) yielded U,fs/kp =50.2(7) Kand
To = 1.27(26) x 1077 s. These results slightly differ from the values obtained from the AC
susceptibility measurements of bulk Mnj, complexes (U, ff /kg ~60K, 190 ~ 1077 s) [1,22],
but the order of magnitude remains the same.

The next step was the measurement of temperature dependence of the in-phase
and out-of-phase components of the magnetic susceptibility for the sample SilS-Mnj».
The study was performed for three different values of frequencies f =1 Hz, f = 10 Hz
and f = 120 Hz in the temperature range from 2.0 K to 8.0 K with the amplitude of an
oscillating magnetic field 3 Oe. As it can be seen from Figure 3, x 4c of such a sample
shows strong dependence on frequency. Upon decreasing temperature, x reaches the
frequency-dependent maximum, and when the moments cannot follow the oscillating field,
start to decrease. From the other side, the out-of-phase signal shows the shifting of peaks
to a higher temperature on the increasing frequency. This indicates that the relaxation rate
increases with temperature. Such a frequency-dependent shift in the temperature of the
maxima of x(w, T) can be analyzed by the Mydosh parameter [23]:

_ AT,/Ty,
® = Alog(f))’ )
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where T, is the temperature of the maximum of x, AT, is the difference between the
peaks corresponding to the extremes of x and f is the frequency. The obtained value for
the SilS-Mnj, sample is equal to 0.21(1), which is close to the reported value & = 0.19
for bulk Mnjy-ac [24]. This confirms the superparamagnetic character of the compound.
From the frequency dependence of x" peaks, it is also possible to estimate the temperature
dependence of the relaxation time at the zero applied field. By taking the temperature
positions of the x" maxima for corresponding frequency, the relaxation time can be plotted
as the function of inverse temperature (see the inset of Figure 3). Such a dependence can
then be fitted to the Arrhenius law (2). As a result of the fitting, we obtained U, /kp =
51(1) K and 19 = 4.7(4) x 1077 s. These results are consistent with those obtained earlier
from the Argand plots and are close to the data reported in the literature [1,22].
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Figure 3. Temperature dependence of in-phase and out-of-phase susceptibility at various frequencies
in the zero static field for the sample SilS-Mnj, (lines are a guide for eyes) (inset: corresponding
relaxation times in function of inverse temperature (solid line stands for the best fit to the Arrhenius
function (2))).

We can also compare the results of relaxation time dependence on the reciprocal tem-
perature for both used approaches, as shown in Figure 4. Additionally, the relaxation dy-
namics of Mnj,-st SMMs deposited into spherical nanoparticles can be compared with the
corresponding results for analogous molecules incorporated into mesoporous silica matrix
SBA-15 (corresponding sample is denoted as SBA-Mny, in Figure 4). As it was reported [25],
Mnj,-st molecules incorporated into mesoporous silica show strong frequency-dependent
X Ac susceptibility with a wide distribution of relaxation times. The relaxation vs. reciprocal
temperature dependence of such a sample shows quite good consistency with the results of
the data for Mnj,-st molecules on the spherical silica substrate. The values of an effective
energy barrier and mean relaxation time, derived from AC susceptibility measurements,
are similar for both silica substrates.
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Figure 4. Relaxation times in function of inverse temperature for sample SilS-Mn1, in comparison to
the SBA-Mn;, sample (solid lines stand for the best fit to the Arrhenius function (2) for each measure-

ment).

It should be noted that using nanostructured silica as a substrate for the deposition of
Mn;, derivatives was described in the literature and mostly based on applying incorpora-
tion inside various mesoporous silica structures using different chemical strategies (see
Table 2). The silica matrices SBA-15 and MCM-41 belong to the most common type of host
material for such a purpose [26,27]. Numerous studies show the preservation of the slow
magnetic relaxation of deposited SMMs; however, very often, the simple impregnation
of a mesoporous matrix cannot guarantee the SMMs’ separation and regular distribution
of functionalities inside silica pores. Any practical applications of such nanocomposites
require the controlled organization and separation of SMMs in different dimensions to
allow for easy read-and-write processes. Furthermore, a nanostructuration process should
provide the preservation of chemical integrity and unique magnetic properties of deposited
molecules. Unfortunately, the control of the inter-molecular distances between individual
SMMs inside the channels of mesoporous silicas was not yet achieved [28]. From such a
point of view, spherical silica as a substrate provides not only the successful deposition of
molecules, but also the possibility of the horizontal distribution of deposited SMMs. As
described in our previous studies [13], the use of spacer units creates the possibility of the
regular organization of SMMs on the spherical silica surface. Such observation could be of
great importance for the nanotechnological applications of surface-deposited SMMs.

Table 2. Relaxation parameters derived from AC susceptibility measurements for Mn;,-based SMMs
organized on different nanostructured silica substrates.

Type of Silica Substrate ~ Applied SMMs U, ss/kp (K) To (s) Reference
Spherical nanoparticles Mnj,-stearate 51(1) 4.7(4) x 1077 —
SBA-15 Mn,-stearate 55 1.04 x 1077 [25]
SBA-15 Mnjy,-acetate 72 1.03 x 108 [26]
SBA-type Mn,-benzonate 63 46 x107? [29]

MCM-41 Mn;,-acetate 58.4 1.3x10°8 [27]
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The important thing that should also be taken into consideration is the analysis of
magnetic relaxation by an AC susceptibility study along with magnetic relaxation obtained
from DC studies. As shown in previous studies for the analogous sample [14], the values
of an effective energy barrier and mean relaxation time, obtained from time-dependent
magnetization measurements, were slightly different to those obtained by AC susceptibility
measurements (for DC measurements: U,¢¢/kp = 33.6(9) K and 1 = 4.6(3) x 10~*s; for
AC measurements: U.¢r/kp ~ 50 K and 19 ~ 107 s), which can be seen in Figure 5.
It can be explained by considering the different temperature range of each measurement.
At relatively low temperatures, below the blocking temperature, magnetic relaxation in
the sample is enhanced by the quantum tunneling of magnetization (QTM), as can be
concluded from the typical shape of the M(H) curve at zero field (see Figure 3a at [14]).
Moreover, the time decay of the magnetization study revealed that the relaxation rate
significantly changes with the temperature. Such a behavior indicates that quantum
tunneling is thermally assisted and becomes more important as the temperature is lowered.
This relaxation mechanism is well-known for Mnj, complexes [24,30] and results in the
reduced value of an effective energy barrier and accelerates the relaxations. In contrast to
AC measurements, at a higher measuring frequency (and temperature), the shortcuts due
to tunneling in the middle of the energy barrier lose their importance, the apparent energy
barrier is larger and 1y approaches the value of 1077 s. Nevertheless, there is a possibility
of correlating the relaxation data obtained from the AC and DC measurements in order to
evaluate the average relaxation parameters for the sample in the whole temperature region
(see Figure 5). This resulted in the fit to the Arrhenius law revealing the following values:
U,fr/kp =45.2(7) Kand 19 = 3.4(9) x 10 s.
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Figure 5. Relaxation times in function of the inverse temperature for sample SilS-Mny;, derived from
the AC susceptibility measurements and DC magnetization measurements (solid lines stand for the
best fit to the Arrhenius function (2) for each measurement and the dashed line represents the best fit
to such a function for both the DC and AC relaxation data).

4. Conclusions

In this work, we analyzed magnetic relaxation in Mny;-stearate single-molecule mag-
nets deposited on the surface of spherical silica with assumed distribution. As we can
conclude, the obtained results of the AC susceptibility study of magnetic relaxations con-
firm that molecular magnets in sample SilS-Mnj, exhibit considerable magnetic anisotropy
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and slow magnetic relaxations, which remain almost intact after the surface deposition.
Obtained values of the effective energy barrier and relaxation time show full consistency
for both applied techniques (frequency dependence of AC susceptibility and temperature
dependence of x 4¢) and are similar to the corresponding values for analogous bulk com-
pounds. Obtained data could be useful for further analysis of SMMs’ surface behavior and
the investigation of similar nanocomposite structures.
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