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Magnetic anisotropies of Ho(ii) and Dy(in) single-
molecule magnets experimentally determined via
polarized neutron diffractiont

Emil A. Klahn,? Andreas M. Thiel,? Rasmus B. Degn,? lurii Kibalin,” Arsen Gukassov,”
Claire Wilson,® Angelos B. Canaj, 2 *1€ Mark Murrie (22 *© and Jacob Overgaard (&) *?

We present the magnetic anisotropy of two isostructural pentagonal-bipyramidal complexes, [Ln
(H20)s(HMPA),l15-:2HMPA (HMPA = hexamethylphosphoramide, Ln = Dy, Ho). Using ac magnetic suscepti-
bility measurements, we find magnetic relaxation barriers of 600 K and 270 K for the Dy- and Ho-com-
pounds, respectively. This difference is supported by polarized neutron diffraction (PND) measured at 5 K
and 1 T which provides the first experimental evidence that the transverse elements in the magnetic an-
isotropy of the Ho-analogue are significant, whereas the Dy-analogue has a near-axial magnetic an-
isotropy with vanishing transverse contributions. The coordination geometries of the two complexes are
highly similar, and we attribute the loss of strong magnetic axiality as expressed in the atomic suscepti-
bility tensors from PND, as well as the smaller relaxation barrier in the Ho-complex compared to the Dy-
complex, to the less favorable interaction of the pentagonal bipyramidal crystal field with the character-
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Introduction

Single-ion magnets (SIMs) have attracted growing scientific
attention over the last three decades."™ These compounds are
organometallic or coordination compounds that show magne-
tically bistable ground states, thus giving rise to slow relax-
ation of a molecular magnetic moment, upon the removal of a
magnetizing field. The scientific interest in these compounds
originates in the possibility of using magnetic molecules as
individual bits in high-density memory storage technology, or
the promise of using molecules as qubits in quantum
computing.’™®

Magnetic bistability in SIMs originates in magnetic an-
isotropy, describing the fact that the magnetic properties of
the molecules depend on the direction from which they are
measured. Controlling the molecular environment to tailor the
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istics of the Ho(in) 4f-charge distribution.

optimal conditions for magnetic bistability of a given ion is
therefore a central challenge in molecular magnetism.
Successes in this regard includes the report of an 80 K block-
ing temperature for magnetic relaxation in a Dy(m)-containing
molecular compound, owing to a ligand field tailored to the
Dy(m)-ion."

Such advancements are made possible by developing sound
design criteria. For lanthanide SIMs, the foremost guiding
principle was set forward by Rinehart and Long,’ based on the
description of the anisotropic valence charge distributions of
trivalent lanthanide ions by Sievers.'® These design criteria
have not only given rise to the dysprosocenium-type com-
plexes,'" but also to the large and diverse pentagonal-bipyra-
midal family of lanthanide complexes.'**° The guiding prin-
ciple is to design an appropriate ligand field that complements
the characteristic lanthanide valence charge distribution of the
most magnetic ground my-state, which ranges between fully
oblate for some ions (Dy(um), Tb(m)) and prolate for others
(most notably Yb(mr), Tm(m)). Most well-known is perhaps the
Dy(i)-ion as an archetypical example of an oblate-shaped elec-
tron density.>*> The pentagonal-bipyramidal geometry has
indeed been extensively explored for Dy(um), giving rise to a
large variety of complexes, which have, in their own right,
shown advancements in molecular magnetic properties with
for example, exceedingly large barriers to magnetic relaxation.

While Dy(i)-based compounds have gained a lot of atten-
tion, there have been fewer reports of Ho(u)-based molecular

Dalton Trans., 2021, 50, 14207-14215 | 14207


www.rsc.li/dalton
http://orcid.org/0000-0002-4944-7909
http://orcid.org/0000-0001-7297-2878
http://orcid.org/0000-0001-6492-7962
http://crossmark.crossref.org/dialog/?doi=10.1039/d1dt01959g&domain=pdf&date_stamp=2021-10-16
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1dt01959g
https://pubs.rsc.org/en/journals/journal/DT
https://pubs.rsc.org/en/journals/journal/DT?issueid=DT050040

Open Access Article. Published on 02 September 2021. Downloaded on 6/14/2026 3:32:39 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

magnets.”>>° On one hand, the f'%ion Ho(m) with a free-ion
J-value of 8 and a value of g;-J = 10, should be equally valid for
molecular magnetic purposes as the f°-ion Dy(u1). On the other
hand, the Ho(u)-ion is more likely to suffer from fast magnetic
relaxation due to quantum tunneling of magnetization (QTM)
than Dy(u) because Kramers’ degeneracy, which ensures that
there is no mixing of time-reversed states in Dy(i), is absent in
Ho(ui). However, it has also been shown that QTM can some-
times be suppressed in Ho(u)-based species: Ho has a 100%
natural abundance of the isotope with nuclear spin I = 7/2,
meaning that coupling to the nuclear spin can give this ion
some Kramers-character, and that this effect might actually
quench QTM.>®

Related to the question of suppressing QTM in non-
Kramers ions such as Ho(m) is the challenge of designing an
optimal crystal field for a Ho(m)-based SMM. Fig. 1 shows
Sievers-type representations of the shapes of the Ho(ir) and Dy
(m) charge distributions. It is evident that Ho(u) does not as
easily as Dy(m) fit into the popular dichotomous classification
of lanthanide ions as having oblate or prolate 4f-valence
charge distributions (4f-CD). This begs the question as to
whether we can experimentally quantify this decrease in “obl-
ateness” for Ho(ur). Or posed differently: if we place Ho(u)-
and Dy(m)-ions in the same pentagonal bi-pyramidal coordi-
nation, will we then witness a similar stabilization of the m; =
+#J ground state and the same strongly axial magnetic an-
isotropy? Obviously, ab initio calculations can provide energy
levels and thus quantify the effect but these are complex and
challenging calculations. In similar complexes incorporating
the Ho(m)-ion,>>*” they do tend to show a stabilization of the
m; = 8 states. However, our goal is to provide experimental
insights into this question.

To achieve this, we have therefore synthesized two isomor-
phous examples of the coordination compound [Ln
(H,0)5(HMPA),JI;-2HMPA (HMPA = hexamethyl-phosphora-
mide) with Ln™ = Dy (1) and Ho (2). The magnetic properties
of 1 were recently studied by some of us by both magnetic
measurements and ab initio calculations.’? In this work, we
have studied the magnetic properties of 2 using a combination
of DC and AC susceptibility studies. In addition, we have quan-
tified the magnetic anisotropy of both 1 and 2 in the form of

(a)

Fig. 1 Sievers plots for the largest m; state of (a) the Ho(m)-ion (m; = 8)
and (b) the Dy(in)-ion (my = 15/2, right). The Dy(u)-ion is widely recog-
nized as oblate, but the situation is less clear-cut for the Ho(m)-ion,
which is more elongated along the axial direction and also has a hori-
zontal “waistband” shape.
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atomic magnetic site susceptibility tensors using polarized
neutron diffraction (PND). While both AC and DC magnetic
measurements are standard techniques in molecular magnet-
ism, the use of PND to study the magnetic anisotropy of mole-
cular magnets is extremely rare, with only a handful of pub-
lished studies in the literature.>*® Thus, this work represents
the first comparative study of two lanthanide-ions in identical
crystal fields using the PND technique.

PND has proved an extremely powerful tool for accessing
the individual atomic magnetic susceptibility in crystalline
matter, and it can therefore be used to describe the anisotropy
of the magnetic parameters of atoms and molecules. The
major strength of the technique is that it provides a completely
experimental view of the magnitude and direction of the mag-
netic easy-axis for each magnetic site.’”

Alternative techniques that can give related information
about molecular magnetic susceptibilities are angular resolved
magnetometry (ARM) and torque magnetometry (TM).*®3°
These techniques, however, are not generally applicable for all
space groups and site symmetries, and so the retrieval of
atomic magnetic anisotropy using PND presents the only com-
pletely general approach to measuring the directional depen-
dence of the magnetic properties of molecules embedded in
crystals. Our earlier results showed how ARM-measurements
and the results of PND measurements are in very good
agreement.>*

Very recently, it was shown by some of us*® that it is poss-
ible to refine the atomic susceptibility tensor using powder
PND data, instead of relying on the large single crystals that
have previously been required. In combination with the new
ESS facility under construction in Sweden, this fundamental
development has the potential to change this method from a
niche technique to a widely used diagnostic tool, of huge
importance in single-molecule magnet studies.

The molecular compounds discussed here both show
nearly pentagonal bipyramidal coordination (Table S3 and
Fig. S1 and S2+) to the trivalent lanthanide ion and both crys-
tallize in the monoclinic space group Cc (Tables S1 and S27)."?
This coordination geometry has, as already mentioned,
remarkable variety in terms of the number of published com-
binations of axial and equatorial ligands."*™'®2*27:2% For the
Dy(m)-based analogues, there is significant evidence that the
Orbach barrier to thermal relaxation correlates with the
strength of the axial ligands: the shorter the average Dy-L-dis-
tance (where L refers to any axial ligand), the higher is the
measured Ue.*' A similar correlation of increasing energy
barrier with increasing axial ligand strength was found for a
series of pentagonal bipyramidal Ho(m)-complexes.>*

To consolidate such findings, it is important to determine
the magnetic anisotropy, and by extension the magnetic easy-
axis direction, of such complexes by experimental means.
Single-state easy-axis directions based on g-tensors from
ab initio measurements are often used as a simple guide to the
possible relaxation pathways of SIMs. For this reason, it is
especially important to keep challenging the results of theore-
tical calculations. In one case of ab initio calculations on a

This journal is © The Royal Society of Chemistry 2021
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series of Ho(m)-containing pseudo-trigonal bipyramidal com-
plexes, the theoretical easy-axes obtained were tilted and in
some cases even perpendicular to the axial direction of the
coordination sphere.”® In such a surprising case, PND can
provide unparalleled experimental corroboration.

Methods

Synthesis

All manipulations were performed under aerobic conditions,
using materials as received. No safety hazards were encoun-
tered during the described experimental procedures.

Synthetic ~ strategy  applicable to 1 and 2.
Hexamethylphosphoramide (HMPA, 306 mg, 1.7 mmol) was
added to 10 ml of hot THF. After 30 minutes, Dyl; (163 mg,
0.3 mmol), was added to give a yellow solution. After stirring
for 2 hours, the solution was evaporated to dryness and the
precipitate formed was dissolved in a mixture of 10 ml of
DCM/toluene (1:1) and was left for slow evaporation. After ~3
days, colourless single crystals of [Dy(H,0)s(HMPA),|I5-2HMPA
(1) were isolated from the solution. For [Ho(H,O)s(HMPA),]
I;-2HMPA (2), exactly the same procedure was followed as in
the case of 1, with the use of Hol; (164 mg, 0.3 mmol). Typical
yields of compounds 1 and 2 are 30-35%.

Elemental analysis calculated (found) for 2-0.55H,0: C
21.31 (21.16), H 6.11 (6.15), N 12.43 (12.34) %.

X-ray crystallography

The crystal structure of 1 has been determined previously.'?
For 2, crystallographic details are available in the ESI and CIF
(CCDC 2057601%).

Single-crystal polarized neutron diffraction

The magnetic anisotropy of individual atoms in molecules
embedded in crystals can be studied using the method of site
susceptibilities as developed by Gukasov and Brown in 2002.”
The method works by applying a magnetic field on the sample
position, inducing a magnetization in the crystal. This magne-
tization can be picked up by a detecting coil. More impor-
tantly, however, is the fact that the crystal magnetization is the
vector sum of individual magnetic moments on each magnetic
atom in the crystal. Such magnetic moments can be studied by
using PND. Polarized neutrons enhance the sensitivity to the
magnetic scattering, which for molecular crystals is generally
weak compared to the nuclear scattering that is the primary
contribution to the diffraction pattern.** The intensity of mag-
netic scattering observed in a Bragg peak is proportional to the
magnetic structure factor, which can be written as®’

Fr(Q) = Zﬁ(Q) ZN{j1Rlij;1HeiQ.(Rirj'+ti)
J i

In this expression the underlying assumption is that the
magnetic moments of individual magnetic ions in the struc-
ture can be parametrized by their susceptibility tensor y, such
that the magnetic moment of the j'th atom is given by the

This journal is © The Royal Society of Chemistry 2021
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vector equation my; = y;H. H is the vector describing the mag-
netic field applied to the crystal, and f(Q) is the magnetic
form factor, which describes the spatial extent of spin around
the atom. To emphasize the fact that the susceptibility tensors
of all molecules in the crystal are the same, related by sym-
metry, the sum over j is taken over all magnetic atoms in the
asymmetric unit of the crystal structure, and the sum over 7 is
then over all symmetry operators of the space group, with
rotational and translational parts being R; and t; respectively.
This technique can then be used, by mapping the magnetic
susceptibility tensor of individual atoms in a molecule, to
determine the magnetic anisotropy of the molecule directly
from an experiment.?*~**

Flipping ratio data, which suppress the need for deuterated
samples, were collected on the 6T2-diffractometer of the
Laboratorie Léon Brillouin (LLB) on the Orpheé reactor.*’
Diffraction data was collected for three (1) and four (2) crystal
orientations. The crystals were glued onto an aluminium pin,
which was then mounted in a cradle, attached to the end of a
stick, and lowered into a cryomagnet. The cradle allows for an
easy change of the crystal orientation with respect to the field
of the cryomagnet. This orientation stays the same throughout
the measurement. Each orientation then gives a new direction
of the magnetic field with respect to the crystal. From these
data, a full magnetic susceptibility tensor can be reconstructed
for each ion - a maximum of 6 susceptibility parameters for a
C, site symmetry. The data for both crystals were collected at a
temperature of 5 K and under an applied magnetic field of 1
T. Flipping ratios for the PND refinement were then extracted
for each orientation using an in-house suite of programs from
the LLB.

Susceptibility tensors were refined with the Python-script
RHOCHL* using the published'® 100 K X-ray structure for 1
and the 150 K X-ray structure for 2. It is a known challenge
that hydrogen positions determined from X-ray diffraction
data gives bond lengths to hydrogen that are smaller than the
results from complementary methods, such as neutron diffrac-
tion. To control this effect, positions of hydrogens in the
crystal structures were changed such that bond lengths to
hydrogen atoms match what has been observed for similar
atom groups in neutron diffraction experiments.** Site suscep-
tibilities refined against structures with artificially elongated
bonds to H robustly reproduce the site susceptibilities found
by using a nuclear structure refined directly from neutron
diffraction data (for details, see ESIT).

One caveat to the susceptibility tensor refinement presented
here is the fact that the two structures used to simulate the
structure factors for the refinement of the PND data were
measured at different temperatures. As mentioned, the struc-
ture for 1 was measured at 100 K, while the structure for 2 was
measured at 150 K. This is also seen in the thermal para-
meters, which are larger for 2 than for 1 (Fig. 4). We are con-
vinced that this is not the primary cause for the difference in
the susceptibility tensors. Firstly, a study on a Dy(um) SIM
showed that a change in temperature from 20 K to 100 K in the
absence of a phase transition resulted only in minor changes

Dalton Trans., 2021, 50,14207-14215 | 14209
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Table 1 Ln-O-distances (A) in 1 and 2

1 2
Axial O 2.202(4) 2.203(6)
Axial O 2.208(4) 2.204(8)
Equatorial O 2.375(4) 2.349(8)
Equatorial O 2.357(4) 2.321(7)
Equatorial O 2.343(4) 2.329(7)
Equatorial O 2.364(4) 2.323(7)
Equatorial O 2.359(4) 2.343 (7)

to the molecular structure, that turned out to be insignificant
to the magnetic anisotropy.’® We believe that those results are
applicable here as well. Furthermore, we have seen here how
the crystal fields in 1 and 2, determined at 100 K and 150 K
respectively, are very similar, as described by the Ln-O-dis-
tances (Table 1).

We note that in both compounds we find one of the eigen-
values of the magnetic susceptibility tensor to be negative. For
1, the negative value is not so different from zero to be a cause
for concern, considering its associated esd. On the other hand,
there is a noticeable deviation from zero for 2. The magnetic
properties of both compounds must originate in the unpaired
electrons of the paramagnetic lanthanide ions, so a “diamag-
netic direction” of susceptibility is unreasonable. Based on the
direction of the susceptibility tensor of 2 with respect to the
magnetic field orientations during the measurements on 2,
what we are seeing in this case is a correlation between the
two smallest eigenvalues. The data measured on 2 can roughly
be collected in two groups of magnetic field orientations (see
ESIT), with the group probing the transverse elements of the
susceptibility tensor containing only few flipping ratios. It has
not been possible to separate the two smallest eigenvalues, but
notice, however, that their mean is positive with a value of 0.6
upT™', in agreement with the paramagnetic nature of the
compound.

Results
Direct-current (DC) magnetic susceptibility measurements

Direct-current (DC) magnetization studies were performed on
2. The magnetic susceptibility yu7T product of 2, shown in

16
54 J
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Fig. 2 (Left) Temperature dependence of the ymT product under an
applied dc field of 1000 Oe from 290-2 K for 2 (yellow circles). The red
line is the ab initio computed temperature dependence. (Right) Variable-
field magnetization data at 2, 4 and 6 K for 2 from 0.04-5T.
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Fig. 2, is 14.0 em® mol™" K at 290 K. Upon cooling, ymT
decreases slowly to 12.6 cm® mol™ K at 20 K due to thermal
depopulation of excited states, followed by a near plateau and
then a sharper decrease observed below 10 K where yuT =
12.0 cm® mol ™" K at 2 K. The high temperature y\,T value of 2
is in close agreement with the theoretical value of 14.1 cm?
mol ™" K expected for a free Ho(m) ion (*Iy, S =2, L = 6, g = 5/4).
The general y\,T profile is in good agreement with the ab initio
calculated susceptibility (Fig. 2, left). In addition, the slow
decrease of T upon cooling with the sharp drop at low temp-
eratures indicates strong crystal field splitting. Moreover, the
overlapping reduced magnetization data at low temperatures
(Fig. S3t) suggest the presence of well-separated excited energy
states. The field dependence of the magnetization studies were
performed at 2, 4 and 6 K (Fig. 2, right) with the magnetization
curves at 4 K and 6 K following an approximately linear trend
up to 1 T before reaching 5.04 up and 4.96 ug at 5 T. Since the
PND (carried out at 5 K, 1 T) approach assumes a linear
relationship between magnetization and field, this means that
the retrieved atomic susceptibility tensor values will be correct
on an absolute scale.

Alternating-current (AC) magnetic susceptibility
measurements

Compound 1 has a reported energy barrier of 600 K under zero
applied dc field."”Ac susceptibility measurements, between
1-940 Hz in zero dc field and a small oscillating ac field of H,.
= 3 Oe, were performed for 2 in order to investigate the mag-
netic relaxation dynamics (Fig. 3 and S4-S7, ESIT). Under zero
external dc field the out-of-phase ac susceptibility data exhibit
well defined maxima in y"y (T) and y"y (v) (Fig. 3 and S4 and
S5t), indicative of slow relaxation of magnetization. The y"\(v)
out-of-phase ac susceptibility data exhibit peaks clearly obser-
vable in the range of 6-23 K (Fig. 3 and S57). The relaxation
times, 7, were extracted by fitting the yv" vs. ya' Argand plots
using a generalised Debye model (Fig. S61).*® The a para-
meters extracted are in the range of 0.06-0.298 (6-23 K) for 2.
The 7 (T) data were fitted using the equation 7" = 7, exp
(=Ues/T) + CT", in which C and n are the Raman process para-
meters (Fig. 3 and S71). The best fit gives a magnetization
reversal barrier of Ueg = 270 K, 75 = 4.77 x 10™° s, n = 4.11 and

o2
—Fit

1 1000

t1(s

Xu“(cm®mol ™)
o
3

1 10 100 1000 5 10 15 20 2
T(K)

Fig. 3 (Left)Frequency dependence of the out-of-phase, y”“u ac sus-
ceptibility, in zero dc field, for 2. The solid lines correspond to the best
fit to Debye's law.*® (Right) Log—Log plot of the relaxation times, 7+
versus T for 2 (see main text for details).
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C = 0.008 K" s~ under zero applied dc field (Fig. 3). The
values of 7y, n and C are in agreement with the observed range
for Ho™ SIMs.**?*?%27%7 Demagnetization through high
excited mystates is not so common in Ho"' SIMs because of
their non-Kramers nature, which normally promotes fast
quantum tunneling of magnetization. However, in the case of
2, the compressed pentagonal bipyramidal geometry stabilizes
an anisotropic ground state, suggesting that Ho(m) does
indeed benefit from a compressed and hence significantly
axial ligand field, and that the 4f-valence charge distribution
of the ground m/-state, to some extent, may be classified as
oblate.

This is supported by ab initio calculations on 2, which
reveal the pseudo doublet of the ground state (purely m; = +8)
shows strong axiality (g, = 19.96) with a negligible tunnel split-
ting value of 0.0016 cm™" (see Table S47). In addition, the prin-
cipal anisotropy axis is found nearly collinear with the shortest
PO-Ho-OP bonds (Fig. S87). The first excited pseudo doublet is
located at ~260 K and shows a mixture of wavefunctions with a
tunnel splitting value of 0.90 cm™, large enough to result in
relaxation via this state. The maximum calculated relaxation
barrier, U, is estimated at 261 K which is in excellent agree-
ment with the experimentally determined magnetization rever-
sal barrier of 270 K, found in zero applied dc field.

X-ray crystallography on [Ho(H,0)s5(HMPA),]1;-2HMPA (2)

To justify the comparison of the susceptibility tensors of the
two compounds measured here, we first revisit the structures
of the two molecules. Our initial assumption is that the lantha-
nide ions in 1 and 2 experience identical crystal fields, such
that differences in the magnetic anisotropy can be attributed
mainly to the difference in the metal ions and the respective
interactions between the 4f-valence charge distribution with
the surrounding ligand field. The distances between Ln and
the nearest seven oxygen atoms are shown in Table 1 (and
Table S27).

As can be seen in Table 1, the axial Ln-O distances are
shorter than the equatorial Ln-O distances and are very
similar for the two complexes. The equatorial Ln-O-distances,
which are between Ln and the oxygen-atoms of the water mole-
cules around the “waist” of the molecules, are also very
similar. The mean values of the equatorial distances are 2.36
(1) A and 2.33(1) A in 1 and 2, respectively. This confirms the
assertion that the two crystal fields are indeed very similar.

PND: magnetic susceptibility tensors

The refined magnetic susceptibility tensor of Dy in 1 can be
diagonalized to give the following eigenvalues (1) and eigenvec-
tors (v), the latter given in the crystallographic basis.

A1 =101(D)usT 1,2y = 0.2(1)ugT ', A3 = 0.4(1)ugT !

—0.068 —0.964 —0.321
vy =|—-0673|,v3, = | —0.102 | ,v; = | 0.770
0.737 —0.247 0.551
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Fig. 4 Magnetic susceptibility tensor of 1. The magnetic susceptibility
tensor has been visualized as an ellipsoid and scaled arbitrarily to fit the
molecular structure. Negative eigenvalues are here shown as positive for
the purpose of visualization. The units on the tensor axes are ugT .
Hydrogen atoms, HMPA co-crystalized ligands and counter-ions have
been omitted.

The anisotropy ellipsoid that graphically represents these
values is shown in Fig. 4. As the eigenvalues give the magni-
tudes of the ellipsoid along its primary axes, they are showing
the degree of anisotropy of the magnetic susceptibility of 1. It
is evident that 1 exhibits extreme axial magnetic anisotropy
with the easy-axis value being 10.1 uzT~' and the transverse
susceptibilities negligible: |y.|,|xx|<0.4 upT™'. Within the
effective spin 1-model, the relationship between susceptibility
and gvalue is g = (4kpyTus )", and this easy-axis magnetic
susceptibility value then amounts to a gj; = 17.3(1).

The refinement of the magnetic susceptibility tensor for 2
presents more of a challenge than for 1, due to a smaller
dataset, particularly for the orientations perpendicular to the
easy axis. Although four magnetic field orientations were
measured for 2, orientations 3 and 4 (see ESI{) gave only 7 and
6 discernable flipping ratios, respectively. In order to ensure
that the global minimum was reached, we compared five
different models for the magnetic susceptibility tensor against
the data. Two of these were simulated models, based partly on
the results obtained for 1 (see the ESIT for more details). This
in-depth investigation resulted in the best model for 2 being
one in which the magnetic easy axis is tilted with respect to
the molecular axis, with eigenvalues (1) and eigenvectors (v),
given in the crystallographic basis, of

J =10.7(2)usT 2y = 2.9(0)upT 43 = —2.5(1)upT !

—0.490 0.427 0.982
vi = | 0435 |,vp, = |0.823 |,v3 = | —0.102
—0.755 0.375 —0.160

In the same way as with 1, the susceptibility tensor of 2 is
represented as an ellipsoid on top of the molecular structure
in Fig. 5. Recalculating this result in terms of an effective spin
1model gives an easy-axis g-value (g|)) of 17.8(2), which is still
significantly less than the expected value of 20, and in the

Dalton Trans., 2021, 50,14207-14215 | 14211
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Fig. 5 Magnetic susceptibility tensor of 2 within the model that best
fits the measured data. The magnetic susceptibility tensor has been visu-
alized as an ellipsoid and scaled arbitrarily to fit the molecular structure.
Negative eigenvalues are here shown as positive for the purpose of visu-
alization. The units on the tensor axes are usT . Hydrogen atoms, HMPA
co-crystalized ligands and counter-ions have been omitted.

same range as that obtained experimentally for 1. For 2 we
obtain a value of g, = 19.96 from the ab initio calculations with
negligible values of g, and g,. Agreement statistics between the
models obtained from site susceptibility modelling of the
diffraction data and the measured PND data is shown in
Tables S10 and S11.7

Discussion

The best fits of the atomic susceptibility tensors for the central
Ln(m)-ion in 1 and 2 are noticeably different, both in terms of
their directions and anisotropies, as shown in Fig. 4 and 5,
and also in terms of the model quality (y*(1) = 2.5; y*(2) =
15.7).

Let us first examine compound 1; here, we obtain a suscep-
tibility tensor that is almost completely axial with vanishing
transverse values, as outlined above. The experimental g)-
value of 17.3(1) contrasts with the ab initio calculations from
the recent paper on 1 that found the g-tensor of the computed
ground doublet of 1 to be strictly axial with a value of g =
19.96."> The experimental and theoretical easy axis directions
are identical, and the discrepancy between the experimental g,
and the computational result is similar to what has been seen
in earlier investigations of the anisotropy of the magnetic sus-
ceptibility, which all show a smaller experimental g|| than the
calculated value based on the magnetic ground state.**>°

Let us now address the differences in the orientation of the
easy axis and in the anisotropy between the experimental and
theoretical magnetic anisotropy for 2. We consider first the
orientation. The best model for 2 shows a pronounced tilting
(25(1)°) of the experimental magnetic easy-axis away from the
PO-Ho-OP-axis. If we impose an axial susceptibility tensor
oriented along this axis, with the same eigenvalues as
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obtained for 1 (model 5 in ESI}), the result is a significantly
worse agreement with the data. We note that this large tilt is
in stark contrast to the ab initio result, which shows the easy-
axis direction for 2 to be parallel to the PO-Ho-OP direction.
There is a relatively small error on the angular discrepancy.
This error, however, is purely a least-squares derived error and
since most of the data for 2 has been measured with a mag-
netic field direction that induces a response along the trans-
verse plane of the molecule (see Fig. S127), the true experi-
mental error on the easy axis direction is probably substan-
tially larger. In addition, although the value of y* increases
substantially when different models are tested, the graphical
representation of the discrepancies between observed and cal-
culated flipping ratios shows that the differences are more
subtle. Thus, despite the final model being robust, we cannot
conclude that the magnetic easy axis is tilted significantly away
from the PO-Ho-OP direction. The main reasons for this are
(1) the large goodness of fit-values; (2) the accidental near-
overlap of crystal orientations during flipping ratio measure-
ment, and (3) the much lower number of flipping ratios for 2
relative to 1; (4) combined with the fact that no ab initio calcu-
lations, neither on this nor on similar compounds,>®*” lead to
deviations from axiality of the magnetic easy axis.

This now leads us to a comparison of the difference in an-
isotropy in 1 and 2. The magnetic anisotropy barrier, Ugg,
which is 600 K for 1'*> and 270 K for 2 shows that slow mag-
netic relaxation is better supported for Dy(ui) than for Ho() in
these compounds. Considering this in relation to the
Rinehart-Long-model of complementarity between 4f-CD and
ligand charges, this finding reiterates that the axial crystal
field in 1 and 2 provides an environment more suitable for sta-
bilizing axial anisotropy with the Dy(m) charge distribution
than with that of Ho(m). The degree of anisotropy (here evalu-
ated as the ratio of transverse to axial susceptibility) is one of
several important parameters for the determination of the
magnetic properties of a SIM, and the prevailing opinion is
that a reduced degree of anisotropy leads to a lower barrier to
magnetization reversal. Since all used magnetic field orien-
tations during flipping ratio measurements for 2 involved the
transverse plane of the molecule (Fig. S127), we believe we can
trust a comparison of the easy-axis susceptibility to the trans-
verse susceptibilities for both compounds. Thus, the trans-
verse elements of the susceptibility tensors for 1 and 2
obtained with PND give magnitudes in 1 that are only 2% and
4% of the easy axis magnetic susceptibility, whereas they make
up 23% and 27% in 2, supporting the decrease of magnetic an-
isotropy from 1 to 2.

Finally, we return to the question posed in the introduction,
of whether we can quantify the decrease of “oblateness” in Ho
() compared to Dy(ur). Importantly, the decrease of magnetic
anisotropy in 2 compared to 1, seen both in the experimentally
determined effective barriers from magnetometry and the
magnetic anisotropies from PND, is not captured in the com-
parison of pseudo g-tensors from ab initio calculations, which
show a ground state for 2 with an almost identical value of g,
to that of 1. This highlights the fact that experimental
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measurement of magnetic anisotropy is an important tech-
nique for complementing theoretical calculations, and with
the advent of next-generation neutron sources there is a huge

potential for further quantitative insights from PND
experiments.
Conclusion

We have presented the new compound [Ho(H,O)s(HMPA),]
I;-2HMPA (2), measured its magnetic properties and compared
these to the known magnetic properties of 1. We have
measured PND data on both the Dy and Ho analogues to make
an experimental determination of the atomic magnetic an-
isotropy of the two compounds and thereby undertaken the
first site susceptibility measurement on a Ho(im)-containing
molecular species. The trends observed in the PND results cor-
relate well with those measured by DC magnetization
measurements.

PND allows for the retrieval of the atomic magnetic an-
isotropy of complexes embedded in crystals, where other
methods are unable to provide an unambiguous answer. It is
common in the literature to find reports of the magnetic an-
isotropy of molecular complexes, but we stress the fact that the
easy-axes and magnetic anisotropies presented here are purely
experimental results and show not only the magnitude of the
magnetic susceptibility, but also the primary axes of the mag-
netic environment. Our results show that there is easy-axis
character of both 1 and 2. Thus, we reiterate the preference for
the axial geometry of the Dy(m)-ion, which has been
shown here to be experimentally verifiable for 1 in close agree-
ment with the theoretical results. The subtle differences
between Ho(m) and Dy(m) mean that the optimal crystal
field for the former might not be strictly linear. We have
shown here by experimental means using PND that in the
example of 2, the magnetic anisotropy of a Ho(m)-ion
embedded in an axial environment decreases compared to the
Dy(m)-analogue.
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