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Abstract

Dysprosium(III)-containing single-molecule magnets (SMMs) show blocking of the mo-
lecular magnetization and hysteresis effects in one molecule. They belong to the class
of the best performing SMMs at present. Here, we present first results of '*'Dy-Nuclear
Resonance Vibrational Spectroscopy (NRVS) experiments on the dysprosium(IIl) com-
plex [Dy(H,dapp)(NO;),](NO;) with H,dapp being 2,6-bis((E)-1-(2-(pyridine-2-yl)-hy-
drazineylidene)ethyl)pyridine. For the '*'Dy-NRVS experiments a compact novel He flow
cryostat was used at the Advanced Photon Source, Argonne National Laboratories, which
enables low temperature NRVS experiments in helium vapour circumventing the often-
observed difference between sensor read and “real” sample temperature in mostly used
LHe and/or closed cycle cryostats with the NRVS sample being in vacuum. To explore
the vibrational modes of the molecule simulations based on first density functional theory
(DFT) calculations are presented.
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1 Introduction

Single-molecule magnets (SMMs) exhibit long magnetization relaxation times and hys-
teresis effects at low temperatures. The possibility of integrating specific functions, like
switching states with light or electric fields would make SMMs a suitable contender against
thin film magnetic materials in future spintronics applications [1]. Among the best per-
forming SMMs are Dy-containing compounds showing high blocking temperatures and
long relaxation times of the magnetization reversal [2]. A significant obstacle to forcing
the SMM system to relax over the barrier is that Quantum Tunnelling of the Magnetisation
(QTM) provides an easy under-barrier pathway. It has recently been pointed out that cou-
pling between relaxation mechanisms and molecular vibrations including phonon modes
promotes this QTM [3-10].

This motivated us to perform time-domain '®'Dy-Méssbauer spectroscopy (Nuclear
Forward Scattering (NFS)) [11] and '"*'Dy-Nuclear Resonance Vibrational Spectroscopy
(NRVS) on a mononuclear Dy containing SMM [12]. Here, we present '*'Dy-NRVS on a
further mononuclear dysprosium(IIT) complex 1 [Dy(H,dapp)(NO;),](NO;) with pentaden-
tate ligand H,dapp being 2,6-bis((E)-1-(2-(pyridin-2-yl)-hydrazineylidene)ethyl)pyridine
[13]. A structural view of this complex is shown in Fig. 1. The material exhibits zero field
quantum tunnelling of its magnetisation as shown by AC susceptibility measurements, but
it displays a maximum in the out of phase AC susceptibility when applying a field of 3000
Oe. In this way frequency dependent out of phase measurements were detectable between
0.1 and 1 Hz up to 5 K, which is characteristic for SMM behaviour [13].

To explore the vibrational properties of complex 1 first simulations based on quantum
chemical density functional theory (DFT) calculations of a single molecule model are pre-
sented to identify those molecular vibrations which might influence its SMM properties.

2 Materials and methods

The mononuclear complex 1 was synthesized according to the description given in ref. [13].
Isotope labelling was achieved by using 91% enriched '*'Dy,0, for the synthesis.
161Dy-NRVS was performed at the beamline 3-ID-B at the Advanced Photon Source
(APS) at Argonne National Laboratory. The synchrotron was run in the standard operating
mode (top-up) with a bunch separation of 153 ns. A monochromator setup for the '°'Dy
nuclear resonance (25.651 keV) was used as described in [14, 15]. To achieve maximum
NRVS count rate at lowest possible sample temperature, the experiments were carried out
by utilization of a compact liquid helium flow cryostat. The cryostat manufactured by Janis
Ltd. is equipped with a diamond window located at the bottom of a variable temperature
inset (VTI). The sample was mounted on top of a sample holder (Fig. 2a, b) which was
positioned upside down on the sample rod of the cryostat (Fig. 2c, d). In this way the sample
could be positioned 1 mm above the diamond window of the VTI (Fig. 2e). The sample
holder was 3D printed with an Ultimaker S5 3D using an optically transparent copolyester
(Ultimaker CPE*-Filament). The cryostat has two axial windows made out of Kapton©
which transmit the monochromatized synchrotron radiation in order to excite the sample
and allow measuring NFS data and instrumental function. Optional, together with the NIS
sample a second sample for NFS can be mounted into the sample holder (Fig. 2f). Since the

@ Springer



Interactions Page3of9 18

Fig. 1 Structural view of the mononuclear Dy complex 1 investigated in this study. There are two axial
NO; ions coordinating to the Dy ion and one NO;™ acting as counter ion which is not coordinated to the
Dy ion (right). The atoms are color coded as follows: Dysprosium atom turquoise, nitrogen atoms blue,
carbon atoms dark grey, oxygen atoms red and hydrogens white On the PDF version, place Figs. 1, 2, and
5 at the top of the page as per journal special instruction

sample holder is not in vacuum but in an He atmosphere, both samples have the same tem-
perature. The base temperature of the cryostat can be as low as 1.6 K, the NRVS measure-
ments presented here have been done at 10 K. Temperature control was achieved using a LS
335 temperature controller from Lake Shore Cryotronics, Inc., in combination with a Cer-
nox sensor placed on the sample rod above the sample mount. The incoherently scattered
radiation (NRVS signal) passes the diamond window and successively a room temperature
window made out of beryllium which is mounted at the top of a reentrant bore tube of the
cryostat. The NRVS scans were recorded with an Avalanche Photo Diodes (APD) placed
inside the reentrant bore tube in a distance of ~8 mm from the sample in closest distance
in order to maximize signal. It should be mentioned that sample loading into the cryostat
was performed within seconds by precooling the sample rod in LN, and inserting it into the
VTI with the He flow being shut down. After insertion the sample temperature did not raise
above 77 K. Thus, this procedure can also be applied in case of measuring delicate reactive
air sensitive samples by NRVS.

The energy of the incoming synchrotron beam, focused to 20 um, was varied from —20
meV to 70 meV around the nuclear resonance transition energy of 25.651 keV. The herein
presented NRVS data result from a sum of 13 scans with each scan being recorded with a
step size of 0.25 meV and a data acquisition time of 3 s/point. The energy resolution was
0.61£0.06 meV (4.9£0.5 cm™") The '*'Dy phonon density of states (pDOS) was deter-
mined with the software PHOENIX [16], taking the resonance energy of 25.651 keV and
recoil energy of 2.195 meV into account [17]. The data evaluation procedure removes the
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Fig. 2 3D printed sample holder with a NRVS sample slot of 8.4 mm x 3.0 mm X 0.5 mm marked in red
(a). The powder sample was covered with adhesive Kapton© tape. Into the back of the sample holder (b)
an NFS sample holder can be slided in (¢) and (f). The NFS sample slot has a diameter of 1.5 mm and a
depth of 1.5 mm. The synchrotron beam touches the sample as shown in (d). Inside the VTI of the cryostat
the sample is in He vapour and mounted app. 1 mm above the bottom of the VTI which has a diamond
window (e). The APD detector is mounted as closed as possible to the room temperature Be window of
the cryostat within a reentrant bore tube

elastic contribution from the NRVS data and separates the single-phonon absorption from
multiphonon contributions based on a harmonic lattice model [16].

DFT calculations were performed with the Gaussian16 software package [18]. The struc-
tures were optimized with the functional B3LYP and the CEP-31G basis set based on the
structural model shown in Fig. 1. The partial density of states (pDOS) of the Dy-atoms were
extracted out of the calculated frequencies with the software nisspec2 [19].

3 Results and discussion

The experimental NRV'S data of the mononuclear '*'Dy complex 1 is shown in Fig. 3. The
temperature within the VTI was 10 K and was controlled with the temperature controller.
Due to the low temperature, there are no anti-Stokes bands visible at wavenumbers higher
than 30 cm™' below the nuclear resonance energy. To determine the temperature of the
sample itself experimentally we have used the intensity ratio for phonon creation /(E) and
annihilation /(-E) for three Stokes and anti-Stokes bands as indicated by the blue arrows in
Fig. 3. With T(E)=(E/kg)/(In[{(E)/I(-E)]) we obtain 7=10£0.2 K in excellent agreement
with the set temperature.

The experimental pDOS of complex 1 obtained from the NRVS data shown in Fig. 3 is
displayed in Fig. 4a. The pDOS shows a very strong structured band below 50 cm™! and a
group of bands between 135 and 180 cm™! with medium intensity. From 180 up to 216 cm™!
again an intensive broad spectral feature with at least three distinct bands occurring at 186,
202 and 208 cm™ ! is observed. This is followed by a further broad band with multiple peaks
between 218 and 275 cm™!. At higher wavenumbers the identification of individual bands
is hampered by spectral noise. The analysis of the experimental pDOS leads to a Lamb-
Mo Bbauer factor £, (=0 K)=0.76+0.01 and a mean force constant of D=211%25 Nm~".
The so observed mean force constant agrees well with that of one of the best performing
mononuclear SMMs, an 80 coordinated Dy phosphine complex (D=212+25 Nm™'; [12])
which shows blocked dc magnetization up to 20 K. The value of the Lamb-Md&Bbauer factor
of the latter is the same as that of complex 1.
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Fig.3 Experimental NRVS data of the mononuclear '®'Dy complex 1 as a function of energy shift E from
the '*'Dy nuclear resonance. The elastic peak caused by the resonant photons with 25.651 keV occurs at
E=0 cm™! and is out of scale. The inset shows the spectral region from —80 to +80 cm™! with the blue ar-
rows depicting the positions of the three I(E) values used for the determination of the sample temperature
(T=10.2£0.6 K) as explained in the text
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Fig. 4 Experimental pDOS of the mononuclear '°'Dy complex 1 obtained from NRVS at 10 K (a) and
simulated pDOS obtained via DFT calculations as described in the text (b). The complex shows local-
ization of unpaired spin-up electron density at the Dy (turquoise) but also unpaired spin-down electron
density (dark yellow) at the coordinating four N and O atoms (¢)

Figure 4b shows a DFT simulated pDOS obtained after energy minimization of the struc-
tural model displayed in Fig. 1 including the NO;~ counter ion and subsequent normal mode
calculation. The so obtained positions of the vibrational modes having '*' Dy movement are
shown in black bars with their intensity being proportional to the mean square displacement
of the '%' Dy atom within each mode. The resulting pDOS (red line) has been calculated as a
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Fig. 5 Selected vibrational modes of complex 1 with wavenumbers indicated as discussed in the text

obtained by DFT calculations. The displacement vectors of the dysprosium and oxygen atoms are color
coded the same as the corresponding atoms

sum of the individual Gaussian mode profiles with the full width at half maximum given by
the experimental resolution of 4.9 cm™!. In the following we discuss the six most prominent
vibrational modes (Fig. 5 and corresponding videos in SI).

The mode calculated to occur at 44 cm™! (Fig. 5a) shows a movement of the whole mol-
ecule accompanied by a butterfly-like motion of the H,dapp ligand. The two axial NO;™ and
the central Dy are moving together in a direction perpendicular to the H,dapp ligand (see
also video_44). At 118 cm™! there is a mode involving the movement of the whole molecule
with a high-amplitude of rotation of the methyl residues of the H,dapp ligand (Fig. 5b,
video 118). The rest of the molecule reveals a rocking motion of the aromatic rings coupled
with rocking of the nitrate anions.

At 166 cm™! (Fig. Sc, video 166) the H,dapp ligand displays a motion like that at
118 cm™! with a higher amplitude of the ring rocking and a different direction of Dy-atom
movement. The similar holds for the vibration predicted at 173 cm™! (Fig. 5d, video_173).
The mode reveals a somewhat higher amplitude of the movement of the terminal H,dapp
pyridine rings. In addition, stretching of the Dy and the nitrate oxygen is visible. At
202 em™! (Fig. 5e, video 202) an in-plane motion of the Dy is observed revealing Dy-N
bending and stretching. Like in the mode at 173 cm™! the NO,~ ligand rotates and thus, the
mode has Dy-O stretching character. There is also H,dapp ligand bending. The stretching
mode calculated at 234 cm™! (Fig. 5f, video 234) reveals a predominant Dy-nitrate axial
stretching movement.

Comparison of experimental and simulated pDOS region below 70 cm™! shows that
there is considerable disagreement. Obviously long range low energy acoustic phonons are
excited in the solid sample which cannot be calculated by DFT calculations of a single
molecule as been done in this study. We tentatively assign the broad experimental band
structure between 186 and 208 cm™! to modes with considerable Dy-N stretching character
(Fig. 5c—e) and those higher than 218 cm™! to modes with Dy-nitrate stretching character
like e.g. displayed in Fig. 5f. The fact that we observe relative broad experimental band in
the pDOS may be caused by significant interaction of the nitrate counterions in between the

@ Springer



Interactions Page70f9 18

single unit cells. We are currently investigating this issue by performing DFT calculations
on structural models having up to ten unit cells.

In addition to the vibrational properties DFT calculations give insight into electronic
properties. Therefore, we also have calculated the spin-up and spin-down electron densities
of complex 1 as shown in Fig. 4c. There is localized dominating positive spin-up electron
density as expected for 4f dysprosium(III) systems. Similar to previous results obtained for
the Dy phosphine SMM [12] there is also spin density at the coordinating ligand atoms of
complex 1. The DFT calculations presented here show that there is negative spin density at
the four equatorial nitrogen ligands and also at the oxygen atoms of the two axial coordinat-
ing NO;™ ions. This might contribute to the reported dependence of the SMM properties on
the nature of the counter ion of this kind of Dy complexes [13].

4 Conclusions

Using a novel continuous flow He cryostat and a corresponding 3D printed sample holder
design '®'Dy-NRVS experiments have delivered the pDOS of a dysprosium(III) contain-
ing SMM. Quantum chemical DFT calculations based on a structural model of the SMM
[Dy(H,dapp)(NO;),]* have been performed under inclusion of the NO;~ counter ion in
order to simulate the experimental pDOS. Given the special role of the counter ions in the
SMM performance of dysprosium(III) complexes with H,dapp ligands DFT calculations on
multiple unit cells of the complex are foreseen. This will improve the agreement between
experimental and simulated pDOS and might also give insight into those phonons which
may be mediated by the NO;™ ions and lead to phonon induced quantum tunnelling of the
magnetization in complex 1 in zero applied fields.

Supplementary Information The online version contains supplementary material available at https:/doi.
org/10.1007/s10751-024-01857-6.
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