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the richness of properties offered by these magnetic molecules. However, a change in
the SMM properties due to the interaction with specific surfaces is usually observed.
Here we present a rare example of a SMM system which can be thermally sublimated on
gold surfaces while maintaining its intact chemical structure and magnetic properties.
Muon spin relaxation and ac susceptibility measurements are used to demonstrate that,
unlike other SMMs, the magnetic properties of this system in thin films are very simi-
lar to those in the bulk, throughout the full volume of the film, including regions near
the metal and vacuum interfaces. These results exhibit the robustness of chemical and
magnetic properties of this complex and provide important clues for the development
of nanostructures based on SMMs.

KEYWORDS: single molecule magnets - [DyPyNO]s - thin films - low energy muons

spin relaxation - quantum tunneling of the magnetization

When looking at the future of information storage and processing, single-molecule mag-
nets! (SMMs) offer promising ways of storing information in molecular units, a paradigm
which approaches the information density limit. Recent advances in SMM synthesis are yield-
ing high quality SMMs with large anisotropies that help preserve spin or magnetic states.?
However, a prerequisite of any application is to better understand and control the magnetic
properties of SMMs. Of particular interest is the behavior of these molecular nanomagnets
at the nanoscale since their organization on solid surfaces (as monolayers or multilayer de-
posits) represents the likely architecture of any technological application.®* There are only
a few SMMs that allow nanostructure fabrication via wet chemistry approaches or physical
deposition methods.? Depending on the chemical structure of the molecules, it is possible
to transfer these fragile units to a surface, while maintaining almost unchanged magnetic
properties, by chemical grafting from solution®® or, even more rarely, by thermal treatment
promoting their sublimation in vacuum without decomposition.® ! To date, the playground
was essentially limited to two classes of molecular complexes: the propeller shaped tetra-
Iron(III) cluster'? and the Terbium(III) bisphthalocyaninato neutral complex (TbhPcy).!

The latter is among the most investigated SMM systems due to the relatively simple deposi-
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tion protocol.%!* Moreover, the presence of the lanthanide-based core offers the advantage of
large magnetic moments and anisotropies, which result in large energy barriers that hinder
thermally activated magnetic relaxation. 19 In fact, ThPc, based devices have been attract-
ing considerable attention recently.?%?! However, this system exhibits strong alteration of its
magnetic properties due to its interaction with the substrates and changes in the molecular
packing in films.?? 24 Therefore, the search for alternative SMM candidates, which maintain
their bulk properties even in nanostructures is highly relevant and desirable.

Recently, some of us synthesized a Dy based dimer, [Dy(hfac);(PyNO)], with hfac = hex-
afluoroacetylacetonate and PyNO is pyridine-N-oxide (Fig.1(a)). Hereafter, we refer to this
compound as [DyPyNO]s. This SMM consists of two Dy ions with an intramolecular Dy-Dy
distance of 3.78(1)A and a shortest crystalline intermolecular Dy-Dy distance of 9.84(8)A 2
- a geometry that minimizes intermolecular dipolar interaction but allows a weak antiferro-
magnetic coupling between the intramolecular Dy moments, which becomes important only
below ~ 20 K.? At higher temperatures the spin dynamics are governed by isolated Dy
single ion properties rather than the Dy-Dy interactions.? Each Dy moment has a doubly
degenerate ground spin state J, = £15/2 that is well separated from the first excited state
(J. = +13/2) by ~ 167 K. Therefore, magnetic relaxation at low temperatures is primarily
due to spin fluctuations within the doubly degenerate ground state.

Successful deposition of the pristine [DyPyNO]; molecular system on top of a gold sur-
face is demonstrated here by using X-ray photoelectron spectroscopy (XPS), time of flight
secondary ion mass spectrometry (ToF-SIMS), and X-ray diffraction measurements (XRD).
The magnetic properties, and in particular the evolution of spin dynamics of [DyPyNO]|; as
a function of temperature, was measured using muon spin relaxation (uSR). We find that
these are virtually identical in bulk powder and a sublimated thin film, confirming that the
magnetic properties of this system remain unaltered. While this may seem like a common
occurrence, [DyPyNO], is the first SMM to exhibit this behavior over the full temperature

range.
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Results and Discussion

25 and used to

Bulk powder samples of [DyPyNO|y; were prepared as described elsewhere
study the bulk properties of the complex. Thin film samples were fabricated using a home-
made molecular evaporator chamber (see Methods). For XPS, ToF-SIMS, XRD and uSR
measurements we used a film deposited on polycrystalline-gold (~ 100 nm) coated mica
substrate. The thickness of this films was estimated to be ~ 200 nm by parallel evapo-
ration on glass and using AFM scratching measurements. The roughness of the film was
estimated using AFM measurements to be ~ 20 nm. Example topographs and details of the
AFM characterization are available in the supporting information (SI). Furthermore, XRD
investigations evidence the absence of a regular crystalline structure in the molecular film
indicating an amorphous or highly disordered packing of the [DyPyNO]|, units (see SI).

The magnetic properties of the [DyPyNO],; powder and film (1.5 mg of [DyPyNO|; film
evaporated on 3.0 mg of Teflon tape) samples were studied using alternating current (ac)
susceptibility. Measurements in zero static field, between 2 and 15K, and from 10 Hz to
10 kHz were obtained using a Quantum Design physical properties measurements system
(PPMS). A more detailed investigation of the magnetic properties was performed using
conventional muon spin relaxation (uSR)?® on the bulk sample and low energy uSR (LE-
©SR) "% on the thin film (see Methods).

Stability upon sublimation of polynuclear molecular complexes is far from trivial. In
fact, fragmentation of molecules due to the partial decomposition of the molecular architec-
tures during deposition is well documented.???3! In the [DyPyNO], case, XPS and ToF-
SIMS characterizations of thick film deposits exclude such fragmentation problems. A semi-
quantitative analysis of the Dy4d, C1s, N1s, O1s, and F1s regions (see Table in Fig. 1(b))
gives a good agreement with the expected composition of an intact molecular system. A
careful analysis of the regions of interest (see SI) evidences that the spectral features of
the system are fully maintained after the deposition. As expected, the Dy4d zone shows a

complex spectrum due to 4d-4f interactions, with the fine structure and main peak centered
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Figure 1: (a) Molecular structure of [DyPyNO|s, color code: cyan spheres are Dy atoms while
red, grey and green sticks are O, C, and F atoms, respectively. H atoms are omitted for
clarity. (b) XPS semi-quantitative analysis of the sublimated film compared to the theoretical
values. (c¢) ToF-SIMS characterization of pristine bulk material (blue) and the sublimated
[DyPyNO]; film on Au (red). The low mass region (300-1000 m/z), high mass region (1000-
1800) and two detailed regions are presented, the latter showing the corresponding theoretical
isotopic distribution (see Table 1S in SI for the complete assignation list). Results of ac
susceptibility measurements on (d) bulk powder [DyPyNO]; and (e) films grown on Teflon.

(f) The relaxation time of the magnetization, 7y, as a function of inverse temperature.
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HI) system.®2%3 More interestingly the C1s spectrum

at 157 eV, perfectly in line with a Dy!
shows a fine structure where the contributions of the different carbon atoms are clearly
identified according to previous reports on similar systems.?3° At high beam energy (BE),
the peak centered at 291.8 eV is attributed to the fluorinated carbon (CF3) atoms and the
ketonic carbon atoms (C=0) at 286.7 eV are easily distinguished. Other contributions at
lower BEs, which can be extracted with the support of a deconvolution analysis, are in good
agreement with the theoretical values expected for the intact system (see Table in Fig.1(b)).
A similar treatment on the O1s zone reveals the presence of two distinct contributions; one
from the pyridine-N-oxide and the other from ketonic oxygen. A direct comparison between
ToF-SIMS of the pristine bulk material and the sublimated [DyPyNO|, film leads to identical
mass spectra, as shown in Fig. 1(c). Although the molecular peak (1759.86 m/z) cannot be
resolved, several lower mass signals confirm that the evaporation does not alter the chemical
structure. This is clearly seen by the identical fragmentation patterns (see Table 1S in SI
for the complete assignation list). The most intense peak is found in both bulk and film
at 768 m/z and is attributed to the [Dy+(hfac)s+(PyNO)so|* ion. This peak features an
isotropic distribution pattern that is fully in line with the simulated spectrum. Similarly,
other relevant signals at higher m/z can be found, in particular, we mention the [M-(hfac)|*"
signal detected at 1550 m/z whose pattern agrees with the theoretical one.

The ac susceptibility measurements on the evaporated film (Fig. 1(e)) reveal a very sim-
ilar behavior to that observed in bulk (Fig. 1(d)). The presence of peaks in the imaginary
component of the susceptibility, x”, which shifts with decreasing temperature is indicative of
superparamagnetic behavior. In agreement with previous reports on bulk,? the film features
a thermally activated regime at high temperature while at lower temperature the contribution
from quantum tunnelling becomes relevant. The extracted relaxation time of the magneti-
zation is shown in Fig. 1(f), varying over many orders of magnitude within the measured
temperature range (2 — 15 K). While these measurements show a clear similarity between

the magnetic properties of the bulk and film (averaged over the full volume), they cannot
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exclude variations as a function of depth, e.g. near the free surface of the [DyPyNO|y/Au

interface. We will revisit this aspect in our discussion of the LE-uSR measurements below.

1.00

(a) bulk

0.75

> o m |

0.50

0.25 4

0.00

P

1.00

0.75
0.50
A

0.25

0.00

Figure 2: Muon-spin polarization as a function of time measured in (a) the bulk powder and
(b) the thin film samples. The measurements are all in zero applied magnetic field. The
solid lines are fits as described in the text. The dashed lines mark 1/3 polarization.

SR measurements in zero applied magnetic field (ZF) were performed on bulk powder
sample and a thin film grown on Au. Example muon-spin relaxation curves are presented
in Fig. 2. At 4 K in the bulk [DyPyNO]J, sample, approximately 2/3 of the muon-spin
polarization (P,(t)) undergoes extremely rapid depolarization, whereupon the remaining
1/3 tail slowly relaxes to zero (Fig. 2(a)). The behaviour in the thin-film displays a striking
similarity to that observed in bulk, as seen in Fig. 2(b). This is evidence that the implanted
muons experience a large, and randomly oriented, quasi-static internal field.?® In such a
case, the polarization of the ensemble of muons projected onto the local static field direction
averages to 1/3 of the full polarization, while 2/3 is perpendicular to it. The 1/3 component
may experience slow relaxation only due to a dynamic component in the local field, while the
remaining 2/3 component undergoes incoherent precession and depolarizes at a rate which
is determined by the width of the static field distribution. As the temperature is increased,
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the depolarization rate decreases and no distinction between the two relaxing components is
seen. Instead, a single exponential-like depolarization is observed.

Due to the broad distribution of local static magnetic fields at low 7', the fast 2/3 com-
ponent of P,(t) is at the limit of the timing resolution in a conventional pSR experiment.
LE-uSR has even a lower timing resolution and hence this fast component cannot be re-
solved in the thin-film measurements. Therefore, we first analyze the bulk (fully resolved)
results. Then, a comparison will be made between the thin-film and bulk sample using a

more approximate method. Following the analysis method used in similar systems?3-36

we
fit P,(t) in the bulk sample to a static Kubo-Toyabe function multiplied by an appropriate

exponential-like relaxation,

1 2 o'2t2
P(t) = |5+ 50— At - o22)e AT | VN, (1)

where A /v (v =27 x 135.5 MHz/T is the muon gyromagnetic ratio) is the Lorenzian width
of static magnetic fields distribution due to the moments of the SMMs, o/~ is the Gaussian
width of the static fields distribution due to (primarily F and H) nuclear moments,*” and
A is the relaxation rate due to the dynamic component of the local field. The square root
exponential relaxation reflects the averaging of the relaxation behavior of muons stopping
in many nonequivalent sites.?33%3%39 The results of the fits are shown in Figs. 3(a) and (b),
where o is assumed to be a common and temperature independent parameter. From the fits
we find ¢ = 0.129(6) MHz or correspondingly, a nuclear dipolar field distribution width of
0.152(7) mT.

Similar to other SMMs studied using uSR, A is zero at high temperatures with a large
upturn as the temperature is decreased and saturation in the low temperature regime, at
a value of 61(4) MHz (Fig. 3(a)), which translates to a width of 72(5) mT. In Fig. 3(b),
A is small at higher temperatures, increases to a maximum value as the temperature is

decreased, then decreases to small values in the low temperature regime and becomes almost
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Figure 3: (a) The temperature dependence of A extracted from the bulk sample data. (b)
The temperature dependence of A for bulk (full symbols) and thin-film (open symbols). (c)
The values of P as a function of temperature obtained from fitting the thin-film data to
Eq. (2), with the dashed lines indicating full and 1/3 polarization.

temperature independent. Note that the onset of non-zero A and the peak of A occur at the
same temperature, a behavior typical of SMMs. 23:36:40:41

We now turn to the discussion of the thin-film results and comparison with bulk. As we
mentioned above, analysis of the thin-film data using Eq. (1) is not possible and may lead

to incorrect results given the lower time resolution of LE-uSR. Instead, we use a very simple

approximation of Eq. (1). Since at high temperature (A — 0), Eq. 1 can be written as,

]_ 2 02t2
P.(t) =Py |5+ 30— 0®t)e ™ e VA (2)

with Fj ~ 1. However, this approximation clearly does not agree with the low temperature
behaviour, where we effectively cannot measure P,(t) at early times. To overcome this
difficulty, we fit P.(t) starting only from ¢ = 0.05 us (to avoid distortions in P,(¢) due to the
limited time resolution) and fixing o to the value obtained from bulk while allowing P} to
vary as a function of temperature to account for the almost immediate loss of polarization
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at early times, i.e. when A is large. This analysis procedure enables a more quantitative
comparison between film and bulk data. The results of this fit are presented in Figs. 3(b) and
(c). We find that P} goes from 1 at high temperature to 1/3 at low temperature, as expected
when going from a regime where the local fields are fluctuating to a regime where they are
quasi-static. Moreover, we find that the values of A in both bulk and film exhibit excellent
agreement over the whole temperature range. This is clear evidence that the fluctuations of
the local fields, and thus the molecular spin dynamics, are the same in bulk and film.

Further, we performed LE-uSR measurements at different implantation depths in the
[DyPyNO]J,/Au film. However, no depth dependence in A or P was observed between 40
and 200 nm (see Fig. 2S in SI), clearly indicating that the molecular spin dynamics are
not altered near the free surface or the |[DyPyNO|y/Au interface. This is in contrast to
the case of ThPcy where the spin dynamics change dramatically with depth, in particular
near the Au/TbPc, interface.?® The lack of depth dependence can be attributed to the
robustness of the [DyPyNOJ, molecules even after evaporation and thin film deposition. It
is important to point out here that the depth resolution of LE-uSR can detect variation on a
scale of ~ 10 nm, and therefore, our measurements cannot rule out changes in the magnetic
properties of a few monolayers of [DyPyNO|s, e.g. near interfaces. Note, however, the
current investigation of thick films is a prerequisite for establishing the possibility of future
studies of (sub-)monolayers of [DyPyNO], deposited by the same evaporation technique.

In interpreting the results for the bulk sample presented in Fig. 3, the parameters A and
A provide a complete characterization of the spin dynamics. The most striking feature in the
temperature dependence of \ is the abrupt peak observed near ~ 30 K. At this temperature
the local magnetic fields (sensed by the muon) go from fast dynamics at high T to quasi-
static at low T'. Since these fields originate from dipolar fields of the SMMs, they reflect
the [DyPyNO|; spins dynamics. The small A\ value and A ~ 0 at high T are indicative
of the fast spin fluctuations. As the temperature is decreased, the fluctuations slow down

and A increases gradually. At ~ 30 K the fluctuations are slow enough that the dipolar
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fields appear quasi-static for the muons; at this point A increases sharply while the dynamic
contribution to the muon spin relaxation, A\, decreases as the fluctuations slow down further.
The terms quasi-static and dynamic are relative to the ratio v/A, where v is the fluctuation
rate of the dynamic magnetic fields. The static case is approached when this ratio is < 1,
whereas the fast fluctuation limit is approached when the ratio > 1.23

Following the same procedure described in Ref. [23], we can estimate the molecular spin
correlation time, 7, of [DyPyNO],. At low temperatures (< 30 K), 7 = 2/(3)),%53842 while
at high temperatures 7 = AAZ2/2,384% where Ay = 62(4) MHz is the value of A at the limit
T — 0. The low temperature estimate for 7 is reliable as it depends only on A, but the
high temperature estimate relies on the assumption that the size of magnetic moment of
the molecule is temperature independent. This assumption is correct (below 300 K) for the
TbPcy molecule due to the large energy difference between the ground state manifold, J = 6,
and the next state, J = 5 which is of the order of a few hundreds K. However, we note that
this is not very accurate for the case for [DyPyNO]J,. Nevertheless, we plot 7 in [DyPyNO],

as a function of temperature in Fig. 4 in the whole temperature range.

100 . -
s e [Dy(PyNO)],

10
A A TbPc,

0.1
0.01

T (us)

1E-3 A .
1E-4

1E-5

o s 10 150 200
T (K)

Figure 4: The correlation time for [DyPyNO|s (circles) and TbPc,y (triangles) spin fluctua-
tions as a function of temperature. The solid line is a guide to the eye and the dashed line
is a fit as described in the text.

For comparison, we also plot the published results for bulk TbPc,.2* One can see clearly
that even in the low temperature regime (< 30 K), there is a major difference between the

temperature dependence observed in ThPcy compared to [DyPyNOJ,. While 7 saturates
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below ~ 50 K in ThPcy (due to quantum tunneling), it remains strongly temperature de-
pendent in [DyPyNO]J,. This is clear indication that even at ~ 1.5 K, the relaxation of the
magnetization in [DyPyNO], is driven by thermally activated spin transitions. This could
be a result of the weak antiferromagnetic coupling between the two Dy moments within each
molecule, which becomes important at low 7', splitting the ground state of the single ion.
Therefore, thermally activated transitions among the split levels are possible at low 7" in the
case of [DyPyNO]s.

Below 20 K the average field distribution width is A = 72(5) mT. This can be calculated
from dipolar field of Dy moments acting on the implanted muons. The distribution of
static fields simply reflects the different stopping sites of the muons and various possible
orientations of the Dy moments. A priori, we have no knowledge of the exact stopping
site of the muon relative to the Dy ions. However, [DyPyNO]|, has 36 fluorine atoms per
molecule, whose high electron affinity provides a very attractive environment for positively
charged muons.**%* Therefore, we assume that muons stop near the fluorine atoms. Two
Dy spin configurations were considered in the calculation; (I) the Dy spins align along their
easy axes and (II) they have no preferential direction. In both configurations we assume
that the Dy magnetic moment corresponds to the ground state manifold, J = 15/2. Note,
configuration (I) mimics 7" — 0, where J, can be either £15/2 and thus we expect to get
a maximum of 36 possible field values, corresponding to the 36 fluorine sites. In contrast,
configuration (II) represent a slowly fluctuating Dy moments (though static on the time scale
of uSR) which can point in any direction.

The width of distributions, A%, for i = z, y and z in configuration (I) are ~ 85, ~ 123
and ~ 104 mT, respectively. In configuration (II), the dipolar field distribution is almost
Gaussian for all three components of the field (Fig. 5), with Ay ~ 81, ~ 97 and ~ 95 mT
for the i = z, y and z components, respectively. These are to be compared to the isotropic
A ~ 72 mT obtained from the experiment. Note that A, is large and anisotropic, while A%,

is more isotropic and closer to the value obtained experimentally, as clearly seen in Fig. 5.
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Figure 5: The calculated magnetic field distribution along each component at fluorine sites
in the [DyPyNO]J, molecule. The shaded area represents the isotropic distribution extracted
from the measurements.

This result indicates that configuration (II) better reflects the experimental situation at low
temperatures, i.e. the Dy moments can point in any direction. This is also consistent with
our previous conclusion regarding the thermally activated nature of the spin fluctuations at
low T'. The somewhat larger calculated values of A compared to the experiment may be due
to the assumption that the muon sites are identical to the fluorine sites, while in reality they

are slightly farther from the Dy ions.

Conclusions

In conclusion, we find that the bulk static and dynamic magnetic properties of the [DyPyNO]|,
SMM are fully maintained in films. This is one of the few SMM examples that exhibit this
robustness under sublimation and significant alteration of its environment. This is par-
ticularly relevant given that the packing of the molecules in the film is different from the
bulk, thus proving that the detected spin dynamics is dominated by a pure SMM behav-
ior. Stability of this molecular systems has been further confirmed by XPS and ToF-SIMS
techniques validating the relevance of a multi-technique approach in the characterization of
fragile molecular systems. Such robust behaviour is key for future developments since it

allows engineering of SMM-based devices, where the magnetic properties of the SMM con-
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stituents are predictable and controllable. We also find that the molecular spin fluctuations
of [DyPyNO]Js remain thermally activated down to ~ 1.5 K, reaching a value of 7 ~ 8.5 us.
At these temperatures, such fluctuations between the ground and excited spin states are
suppressed due to the relatively large energy gap (~ 167 K) between them.?® Therefore, we
believe that these fluctuations are within the single ion ground state manifold, which is split
due to the weak antiferromagnetic coupling between the two Dy spins. Finally, we point out
that unlike other SMM films, such as TbPcy, we detect no depth dependence of the spin

correlation time in [DyPyNO]; films; not even near the surface or substrate interface.

Methods

Thin film samples were fabricated using a homemade molecular evaporator chamber, equipped
with a quartz crucible. The crucible temperature was monitored using a type-K thermocou-
ple inserted in the pressed powder sample. The molecular deposition rate was monitored
using a quartz crystal microbalance (QCM). For the [DyPyNO|;y thin-film evaporation, the
temperature of the crucible was initially ramped slowly up to 380 K, where a reduction in the
QCM oscillation frequency is detected accompanied by an increase in the chamber pressure
from 1 x 1077 to 1.5 x 107 mbar. At this temperature a deposition rate of 1.3 A/s is de-
duced from the calibration of the QCM based on the density extracted from X-ray diffraction
(XRD) analysis.?® The system was maintained at this temperature for the duration of the
film deposition. The molecular film used for the LE-uSR measurements was evaporated on
top of a 100 nm thick gold film deposited by thermal evaporation on Muscovite mica. The
thickness of the [DyPyNO], and gold layers together was estimated using AFM scratching
measurements (see SI).

In SR measurements, 100% spin polarized muons are implanted into the sample and
used as local probes to sense dipolar magnetic fields from neighbouring SMMs, thus providing

a direct observation of their spin/magnetic moment and its temporal fluctuations. The
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quantity of interest in these measurements is the muon spin polarization (along the initial spin
direction, z) as a function of time, P,(t). The implantation energy of muons in conventional
1SR is usually fixed at ~ 4 MeV, which corresponds to an implantation depth of the order of
100 microns in typical density materials. In contrast, the implantation energy (F) in LE-uSR
experiments can be varied between 1 keV and 25 keV, which corresponds to implantation
depths of 1 nm to 150 nm. This E tunability is the key feature that makes LE-uSR suitable
for studies of thin film materials. The fitting of the muons spin polarization, P,(t), was

performed using the musrfit program.4

Supporting Information Available

Full charecterization data and analysis of XPS, ToF-SIMS, AFM and XRD results as well
as detailed depth dependence from LE-uSR measurements. This material is available free

of charge via the Internet at http://pubs.acs.org/.
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