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Abstract: This publication reviews recent advances in polarized neutron diffraction (PND) studies of
magnetic anisotropy in coordination compounds comprising d or f elements and having different
nuclearities. All these studies illustrate the extent to which PND can provide precise and direct
information on the relationship between molecular structure and the shape and axes of magnetic
anisotropy of the individual metal sites. It makes this experimental technique (PND) an excellent
tool to help in the design of molecular-based magnets and especially single-molecule magnets for
which strong uniaxial magnetic anisotropy is required.

Keywords: magnetic anisotropy; spin cluster; polarized neutron diffraction; local susceptibility
tensor; molecular magnetism; transition metal complexes

1. Introduction

With a magnetic moment and no charge, neutron provides several key scattering
techniques dedicated to probing magnetic materials at the atomic level [1,2]. These tech-
niques are particularly relevant in the field of molecule-based magnets [3] as they are a
complementary experimental support for the validation of theoretical assumptions and cal-
culations [4] and this is true for all coordination chemistry [2]. Inelastic neutron scattering
(INS) provides spectrometric methods to access the energy of magnetic transitions [3,5-8]
while elastic diffraction by crystals allows the determination of the magnetic structure [9]. It
should be stressed that most of the difficulties that have long been put forward such as the
crystal size or the large number of hydrogen atoms have been lifted thanks to improvement
in methods and devices.

Polarized Neutron Diffraction (PND) on single crystals is one of the most powerful
among these techniques [10-12]. In use from 1960, it has been fantastically boosted since
the 80s with the advent of molecular-based magnets. PND proved indeed to be particularly
powerful to map the atomic spin density in molecular compounds where it generally
spreads on many atoms out of the magnetic centres with delocalization on the ligands as in
coordination compounds or on the whole molecule in free radicals [13-19]. The strength
of PND is that mapping the spin density distribution from single crystal diffraction data
provides direct information on the relationships between the crystal structure and the
magnetic interactions pathways as well as the nature of intra- or inter-molecular magnetic
couplings. From this point of view, PND has greatly contributed to validate and refine the
theoretical models of the exchange coupling processes in molecular compounds [20-22].

Driven by the field of single-molecule magnets (SMMs), recent investigations [23,24]
make PND also a technique of choice to map the magnetic anisotropy in molecular com-
pounds. As we know, one of the main challenges in the field of single molecule magnets
(SMM) lies in the structural control of the molecular magnetic anisotropy that should be uni-
axial and negative. This requires a good knowledge of the magneto-structural relationships
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at the molecular level. In this review, we show that PND can help in such a knowledge as it
allows a direct watching of the direction and strength of the principal magnetic anisotropy
axes of each individual magnetic metal ions site relative to the molecules orientation.
This will be illustrated hereafter by PND studies of metal complexes of cobalt(Il) [23,24],
iron(III) [25,26] and nickel(Il) [27] with various nuclearities as well of some lanthanides
systems of dysprosium(III) [28] and ytterbium(III) [29].

2. Basics of Polarized Neutron Diffraction

The experimental set-up of a polarized neutron diffractometer is presented in Figure
1. A vertical magnetic field is applied to a single crystal set at the center of a lifting-counter
diffractometer. The incident neutron beam is monochromatic and polarized with a vertical
direction of polarization.
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Figure 1. Schematic main set-up for polarized neutron diffraction measurements as on diffractometer
D3 at ILL in Grenoble (France).

Flipping ratio method: Mapping the field-induced magnetization density in param-
agnetic compounds by PND relies on the measurement of the so-called flipping ratio R(Q)
for Bragg reflections of scattering vector Q (Figure 1) [12]:

I+

R(Q) = 1= M

I" and I are the diffracted intensities by the crystal which are measured with the
polarization vector P of the incident neutron beam, respectively, and alternatively set either
parallel (P*) or antiparallel (P™) to the vertically applied magnetic field. The advantage of
measuring such a ratio is that there is no need for measuring integrated intensities. The
experimental determination of the flipping ratio consists in measuring the peak intensity
and the left and right backgrounds in the two incident polarization cases:

(peak — background)™

R =
@ (peak — background )™

In the general case, the intensities are given by
IH(Q) o Fy? + Fyy + P (FyFu . + FnFiy 1) @)

where Fy and F are the nuclear and the magnetic structure factors, respectively, and the
symbol (*) denotes the complex conjugate.

Assuming that magnetization is localized on the atoms, the magnetic structure factor
is defined as a vectorial sum over all the magnetic atoms in the unit cell:

unit cell

Fu(Q) = Y. mifui(Q)exp(iQ-r;) 3)

i
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where f,,,;(Q) and m; are the normalized magnetic form factor and the induced magnetic
moment on atom i, respectively.

The magnetic structure factor Fy, is a vector directed along the total magnetic moment
in the unit cell, resulting from the sum of the local magnetic moments. In paramagnetic
materials with weak magnetic anisotropy all magnetic moments are aligned along the
vertical magnetic field and the term Fy;; in Equation (2) refers to the component of Fy,
perpendicular to the scattering vector Q as illustrated by Figure 2a.

a) No magneticanisotropy b) Magnetic anisotropy

. e —
7 collinearwith H T non-collinear with H

known <= o =>unknown

Classical approach Local susceptibilitytensorapproach
spin density mapping magnetic anisotropy mapping

Figure 2. Scheme showing the difference in the direction of the magnetic structure factor (Fy,) for a
crystal without (a) or with (b) magnetic anisotropy.

For centric structures, both nuclear and magnetic structure factors are real and the
expression of the flipping ratio simply becomes. For Q in the horizontal plane.

(Fv +Fw)® _ (1+7)°
(v —Fyw)®  (1-7)°

The magnetic structure factor is then given by:

R(Q) & 4)

Fy' = 2""Fy

The values of Fy are determined in another experiment by performing complementary
non-polarized neutron diffraction measurements at the same temperature and without
applied magnetic field.

Local susceptibility tensor approach. Most previous PND spin density studies [13-19]
were restricted to simple cases without or with weak magnetic anisotropy. It is because in
these cases, all magnetic moments can be aligned by the external magnetic field (Figure 2a)
and the direction of the magnetic structure factor Fjs is then well known from experimental
setting. The situation is completely different when there is strong atomic anisotropy. In
that case, the atomic field-induced moments are indeed no more collinear with the applied
magnetic field (Figure 2b), so that the spin density reconstruction is not possible using the
usual approach described in the previous sections.

This difficulty was solved by A. Gukasov and PJ. Brown with an approach that
involves the definition of a local or site susceptibility tensor for each magnetic atom of the
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unit cell which gives the magnetic response of the atom to an applied magnetic field [30].
The magnetic moment m; induced on an atom i by an applied magnetic field H can indeed
be written as the product:

m; = x; H )

where ) is the magnetic susceptibility tensor of atom i. Itis a second rank tensor, symmetric
across the diagonal, thus having only six independent components [31]:

o X1 X2 X3 .
X = | x12 X2 X3 |imppT~ ©)
(i, j, k) X13  X23 X33

(i, j, k) cartesian system with : i || a%, k || candj = k A i.

The experimental flipping ratios contain all information on both the orientation and
the magnitude of the atomic magnetic moments throughout the unit cell and can be
expressed in terms of these susceptibility components through the magnetic structure
factor Fpr by combining Equations (3) and (5). The refinement of the six susceptibility
components x;j from the experimental flipping ratios is realized using the least-squares
refinement program CHILSQ developed in the frame of the CCSL library [32] The number
of independent tensor components, to be refined, is determined by the local symmetry of
the magnetic atom site. In the most general case (triclinic local symmetry), when the atom
is located in general position, all six independent susceptibility components x; must be
simultaneous refined. This requires the measurement of at least three sets of flipping ratios
collected for three orthogonal directions of the applied magnetic field. It should be stressed
that the magnetic response should be linear whatever the field direction is, i.e., this is valid
as long as the applied field is sufficiently low to remain in the linear paramagnetic regime.

The diagonalization of this two-rank tensor provides the eigenvectors and eigenvalues
of the magnetic principal directions i.e., the directions of the magnetic axes and the associ-
ated magnetic susceptibilities (x1, X2 and x3). When they are all positive, it is then possible
to make a graphical representation of the site susceptibility tensor as an ellipsoid onto the
molecular structure (Figure 3). This drawing, from the six components susceptibility tensor
(Xjj), is similar to what is currently done with crystallographic thermal parameters (Uij).
As we will see, this allows the visualization of the direction of the principal magnetic axes
onto the molecule whether the anisotropy is of easy-axis (Ising) or easy-plane type. This is
a way to easily evidence magneto-structural relationships (Figure 3).

Figure 3. Drawing of the magnetic anisotropy in the form of an ellipsoid from a magnetic susceptibil-
ity tensor (6).

3. PND Mapping of the Magnetic Anisotropy in Coordination Compounds

The magnetic anisotropy is primarily that of the single ion and relates to the splitting
of the spin-orbit states of the free ion in a zero applied magnetic field (ZFS) which results
from the combined effects of the crystal electric field and spin-orbit coupling. In polynu-
clear complexes, where several magnetic centers can interact, another source of magnetic
anisotropy is added, which comes from the exchange interaction [33].
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Several experimental techniques are in use to study magnetic anisotropy. This is the
case of electron paramagnetic resonance spectroscopy (EPR) which is widely used to study
magnetic molecular compounds and in particular the magnetic anisotropy of SMMs [34-37].
Another spectroscopic technique, related to neutrons, is inelastic neutron scattering (INS).
INS, like EPR, allows direct measurement of the energy spectrum of magnetic levels to
determine magnetic anisotropy and crystal field terms [3,5-8,38]. Because INS is essentially a
zero-field magnetic technique, it should allow for more accurate determination of separation
parameters at zero field than EPR. Alas, one of the drawbacks of INS, with respect to the
study of molecular compounds, is that it requires large amounts of sample (~1 g) with
few hydrogen atoms; otherwise, it needs deuteration to reduce incoherent diffusion. It is
important to note that these spectroscopic techniques are mostly limited to determining
the magnitude and sign of the magnetic anisotropic parameters (axial D and rhombic E
terms) and generally involve the entire molecule, not individual magnetic ions. Other
experimental techniques have to do with magnetometry (SQUID, VSM and torque). With
magnetic measurements on single crystals by cantilever torque magnetometry [39], or more
generally by angle resolved magnetometry with SQUID (ARM) [38,40,41], one can access
the magnetic susceptibility tensor of the crystal. Beyond that, extracting the principal axes
of the molecular magnetic anisotropy, possibly those of the metal center, is only possible in
certain very limited cases and still in the case of mononuclear systems. Indeed, in molecular-
based compounds, the magnetic anisotropy measured on a single crystal results from the
combination of the molecular anisotropy and the crystal symmetry of the space group.
Thus, the crystal anisotropy tensor rarely coincides with the molecular tensor. This only
happens if the molecules all have the same orientation in the crystal. In most cases therefore,
from the usual spectroscopy techniques or magnetization measurements it is impossible to
acquire complete and precise information on the local magnetic properties (orientation of
the anisotropy axes) even when performed on single crystals.

This is the reason we developed PND as an experimental technique to acquire this
information in molecular compounds. Indeed, as it is a diffraction method, PND on single
crystals allows the precise determination of the magnetic anisotropy axes at the crystalline,
molecular and atomic levels whatever the symmetry of the crystal as illustrated hereafter.

The outline of this review, almost chronological, is that of increasing difficulty but also
of increasing richness in terms of information provided by PND. Thus, for mononuclear
systems, we will have a view of the structural parameters affecting the single-ion anisotropy,
which is useful in the study of SMMs. For polynuclear systems, it even goes further to give
a visualization of the interplay in between the local magnetic anisotropy and magnetic
interactions.

3.1. Mononuclear Coordination Compounds
3.1.1. Transition Metal Compounds

Mononuclear cobalt(II) and iron(Ill) coordination compounds, [Co™(DMF)4](BPhy), (1)
and PPhy[Fe™(Tp)(CN);]-H,0 (2) (DMF = N,N-dimethylformamide; BPhy ~ = tetraphenylb-
orate; Tp = tris(pyrazolyl)borate and PPh,* = tetraphenylphosphate) have been among
the first molecular compounds to be studied by PND with the local susceptibility tensor
approach [24,25].

The compound (1) crystallizes in the orthorhombic space group Pca2; with four
molecules per unit cell [42]. The Co(II) ion lies in a slightly distorted octahedral envi-
ronment of six oxygen atoms and the overall symmetry of the [Co(DMF)g]** cation is
approximated as a Sg point group [42]. The coordination octahedron is compressed along
the 02-0O3 and O5-06 directions and is rather elongated along the perpendicular directions
02-06 and O3-O5 (Figure 4a).
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Figure 4. View of the cationic complex molecule [Co'(DMF)g]?* in (1)from X-ray diffraction on single crystal (a) with

drawing of the magnetic ellipsoid on one molecule (b) and in the crystal cell (c) from polarized neutron diffraction.

The temperature dependence of the magnetic susceptibility evidenced an appreciable
magnetic anisotropy in (1) and angle-resolved magnetometry (ARM) confirmed that the
magnetic principal directions of the crystal coincide with the crystallographic axes as
expected for an orthorhombic lattice. From these measurements the a axis could be assigned
to the easy magnetization axis while the c axis is the hard one (xa > xp > Xc) However, the
four molecules generated by the space group symmetry (Pca2l) in the crystal cell are all
oriented differently. Therefore ARM cannot provide better than the magnetic anisotropy
tensor of the crystal (7).

< 1Y% 1
Xerystal = 5 Z Xco @)
4 =14

Indeed, despite it being the sum of the local susceptibility tensors of the four molecules
in the cell (7), their different orientations hindered the determination of their own axes. This
was successfully achieved by PND after collecting flipping ratios on one large single-crystal
(240 mm?) for each of the three crystallographic axes successively set along the vertical
direction of a moderate applied magnetic field of 1T [24].

. 159(7)  —0.26(9) —0.4(1)
X Co —026(9)  1.02  04(3) | usT '(,j, k)//(a b c) ()
G, 7, k) —04(1)  04(3)  0.65(8)

The diagonalization of this tensor provides the eigenvectors and eigenvalues of the
magnetic principal directions (x; = 1.91(35) up T=1; xo = 0.99(26) Up T-1; x5 = 0.36(33)
#pT~1). The drawing of the susceptibility ellipsoid onto the molecule shows an elongated
shape along x; that is the local easy magnetization axis. In the two other directions we
have X, and x3 as local hard magnetization axes. From this drawing we can easily see that
the easy magnetization axis is close to the O1-O02-O3/04-05-06 trigonal elongation axis
of the octahedron (green axis on Figure 4b) and the hard axis (x3) almost parallel to the
compression directions O2-O3 and O5-06 (black axis on Figure 4b).

Summing the local susceptibility tensor (8) of the four molecules in the cell (Figure 4c)
and taking into account the symmetry operations (7), gives the local magnetic tensor of
the crystal (9). It is diagonal in the Cartesian coordinate system (i, j, k) because of the
orthorhombic symmetry and thus takes the x11, X22 and x33 components of the local tensors:

o 1.59(7) 0 0
X crystal = ( 0 1.02(15) 0 ) [ug/T] )
(i, j, k) 0 0 0.65(8)

This was found to be in good agreement with ARM and confirms that the a axis is
the easy magnetization axis 1.59(7) ugT~! of the crystal whereas the c axis is the hard one
(0.65(8) upT~'). The small discrepancies may be ascribed to the imperfect orientation of
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the single-crystal in the SQUID while for PND the orientation is precise but measurement
of magnetic moments is not.

The iron(IlI) compound, PPh4[FeIH(Tp)(CN)3] ‘HyO (2), crystallizes in the monoclinic
space group P21/c [43]. The Fe(Ill) ion is coordinated in an octahedral environment by
three carbon atoms of cyanide ligands in facial arrangement and three nitrogen atoms of
tridentate trispyrazolylborate. The symmetry is close to C3v and the octahedron is slightly
elongated along the C3 pseudo-axis going through the iron and boron atoms (Figure 5a).
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Figure 5. View of the anionic complex molecule [FeIH(Tp)(CN)3]* in (2) from X-ray diffraction on single crystal (a) with

drawing of the magnetic ellipsoid on one molecule (b) and in the crystal cell (c) from polarized neutron diffraction.

The P2; /c space group generates four symmetry-related complex molecules in the unit
cell, but since it is centrosymmetric they have only two different orientations. However, this
is still too much and as with the previous mononuclear cobalt complex (1), the magnetic
axes of the complex and the crystal do not coincide. Therefore, the local molecular magnetic
anisotropy cannot be deduced by the usual macroscopic techniques. Here again, the
determination of the six components of the Fe(Ill) local susceptibility tensor (10) was
successfully achieved by PND at 2K on one single crystal (36 mm?®) from the flipping ratios
collected for three orthogonal directions under an applied magnetic field of 1 T.

. 0.10(3) 0.02(3) 0.11(4)
X Fre =/ 0023) 027(7) 016(2) | ugT " (3,7, k) // (@, b, c)  (10)
G, j, k) 0.11(4) 0.16(2) 0.82(5)

The shape of susceptibility ellipsoid (Figure 5b) clearly shows the existence of a
molecular easy magnetization (x1= 0.87(7), x2 = 0.23(8) and x3 = 0.09(5) upT~!. The x1
easy magnetization direction is found very close to the C3 pseudo-axis (red solid line in
Figure 5b). The two other magnetic principal directions x, and X3 are almost contained
in the plane parallel to the triangular faces N4-N5-N6 and C1-C2-C3 of the octahedron.
Further, the macroscopic susceptibility tensor (11) of the crystal is obtained as previously
by summing the four local tensors determined by PND measurements.

o 15 0.10(3) 0 0.11(4)
X crystal = g Y Xre = 0 0.27(7) 0 [/ T] (11)
(i, j, k) I=14 011(4) 0  0.82(5)

As expected for a monoclinic space group, the X1 and x23 components vanish when
summing the four local tensors. In this case, the monoclinic symmetry of the crystal
imposes the b axis as one of the magnetic principal directions of the crystal for which
the magnetic susceptibility is denoted Xm2 (xm2 = xb = 0.27(7) yBT’l. The two other
magnetic principal directions X1 and xm3 are then contained in the (a,c) plane. More
precisely, the hard magnetization axis of the crystal xm; = 0.09(4) T~ is found very close
to the a axis while the easy magnetization axis Xm3 = 0.83(6) upT ! is perpendicular to
it. This orientation of the easy and hard axes for the crystal anisotropy (Figure 5c) is in
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agreement, as may be expected, with SQUID angle-resolved measurements of the magnetic
susceptibility on single crystal. The values of the macroscopic magnetic susceptibilities
which may be calculated from the PND crystal susceptibility tensor (9), at 2 K and for any
direction of the applied magnetic field, do not show appreciable discrepancy with those
from SQUID measurements.

3.1.2. Lanthanide Metal Compounds

If one thinks of SMMs then these two first examples of mononuclear systems with
transition metal ions and small magnetic anisotropy may seem less significant. However,
they have been very useful in developing, adapting, and extending the local susceptibility
approach to molecular systems, and these results have been a proof that it works. Lan-
thanide coordination compounds are of course more relevant to SMMs and in addition
PND studies could be done on smaller crystals because of the stronger magnetic response.
However, because they generally have stronger magnetic anisotropy, almost uniaxial, the
magnetic response may be very weak along the hard magnetic axes. This means that PND
studies of lanthanide complexes are more demanding in terms of collection strategy and
measurement of flipping ratios as illustrated hereafter by the studies of two Dy(IlI) and
one Yb(III) coordination compounds [28,29]. Dealing first with lanthanides could have
been more tedious and may be less proofing.

The first example of PND study of magnetic anisotropy on lanthanide coordination
compound was the dysprosium(IIl) complex [Dy'!(bpy)(tBu-acac);] (3) (bpy = bpy = 2,2'-
bipyridine; tBu-acac = 2,2,6,6-tetramethylheptane-3,5-dionate) [28]. It has been shown to
exhibit SMM behaviour, and its magnetic anisotropy was measured by ARM [44]. Indeed,
it crystallizes in the triclinic crystal system (P-1) and it is one rare case where ARM gives
the molecular magnetic anisotropy and the determination of the magnetic anisotropy
by PND was done for comparison. In that case, because of strong uniaxial magnetic
anisotropy it was necessary to collect not three but six data sets of flipping ratio with
different orientations of the magnetic field. The experiment was performed at 5 K and with
a magnetic field strength of 0.5 T. The refinements of the molecular susceptibility yield the
tensor (12):

264(39) —341(95) 1.34(39)
= ( —3.41(95) 7.07(49) —3.36(73) )yBTl (i, 7, k)// (a*,a" N¢, ¢) (12)
1.34(39) —336(73) 2.44(57)

Diagonalization of tensor (12) gives the susceptibility eigenvalues of x1 = 10.5(9) upT !
along the easy axis and ¢, = 1.20 3T~ ! and x3 = 0.42 ugT~! along the two transverse
axes. Comparison of these eigenvalues with those of transition metal compounds (1) and
(2) illustrates how much compound (3) is anisotropic and almost uniaxial. When the
susceptibility tensor is represented as an ellipsoid onto the complex (Figure 6a) it shows
significant deviation from the principal magnetic directions found with ARM. From the
PND result it appears that the magnetic hard plane (x2, X3) nearly coincides with the
coordination plane of dysprosium with the bipyridine (N-Dy(III)-N) with a discrepancy
of only 7(2)° between the two planes (Figure 6a—bottom). This is close to that predicted
by a semiclassical approach of an electrostatic model based on the free-ion approximation.
Along this approach the oblate electron density of Dy(IlI) ion should be oriented towards
the bipyridine ligand to minimize the overlap with the negative charged ligands [45]. The
axial direction of the oblate 4f electron density is then perpendicular. Simulation of the
ARM with PND can reproduce the maxima and minima with discrepancy in values to be
ascribe to bias of the two methods as pointed for (1) and (2).
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Figure 6. Drawing of magnetic ellipsoids on one molecule (a) [DyIH(bpy)(tBu-acac)3] (3) (b) [Dy(bpy)(Ph-acac)3] (4) and (c)
[YbTp,NOs3] (5) from polarized neutron diffraction (PND) on single crystal.
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X

Dy
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The second mononuclear Dy(III) complex [Dy(bpy)(Ph-acac)3] (4) (Ph-acac = 1,3-diphenyl
propane-1,3-dionate, bpy = 2,2’-bipyridine) crystallizes in the monoclinic space group P21/c.
There is thus coexistence of two crystallographically distinct molecular orientations in the unit
cell and no other experimental approach than PND can assess the magnetic anisotropy axis
of the individual molecules. As for (3) it was also necessary in that case to collect six sets of
flipping ratio with different orientations relative to the applied field of 0.5 T. The experiment
was carried out at 5K.

055(7) —1.74(9) 1.10(22)
( —1.74(9) 7.82(10) —4.72(10) ) upT™' (i, j, k) // (a*, b, ¢) (13)
1.10(22) —4.72(10)  3.16(6)

The ellipsoid representation of the local magnetic susceptibility tensor onto the molec-
ular structure in Figure 6b clearly shows again the uniaxial type of the anisotropy. The
eigenvalue of the easy-axis (x1 = 11.1(1) g T~1) is about two orders of magnitude larger
than the other two (x» = 0.23, and x3 = 0.15 up T-1. As for compound (3) this experimental
result agrees well with calculations considering an electrostatic model in which the oblate
density should be oriented towards the bipyridine. [45] From PND the angle between the
N-Dy-N plane involving the bipyridine ligand and the transverse plane of the magnetic
susceptibility tensor was calculated to be 7.4(7)°. The easy-axis direction differs by only
8.0(7)° from those found from the electrostatic model.

To end up with lanthanide compounds, the last example is mononuclear ytterbium(III)
complex [YbIH(Tp)zNO3] (5) (with Tp = tris(pyrazolyl)borate) which crystallizes in the
monoclinic P2; /c space group [29]. The Yb(III) ion is coordinated by six nitrogen atoms of
two tridentate trispyrazolylborate and two oxygen atoms of a bidentate nitrate anion. The
coordination polyhedron around the Yb(III) ion can be approximated as a biaugmented
trigonal prism (C2v) or distorted square antiprism (D4d) [29]. Because of the P2;/c space
group, only PND, within the so called local susceptibility tensor approach, allows the
determination of the molecular susceptibility tensor of (5).

o 1.97(10) —0.91(5) —0.33(6)
oy o= ( —091(5)  043(1)  0.14(3) ) upT™" (i, 7, k) // (2", b, <) (14)
(i, §, k) —0.33(6) 0.14(3) 0.36(2)

Three orthogonal sets of flipping ratios were collected under moderate magnetic fields
on quite a small single crystal (1.5 mm?3). All three eigenvalues are positive (x; = 2.454(1),
X2 = 0.2992(2) and x3 = 0.007(2) ug T-1). As pictured in Figure 6¢ the molecular easy axis
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X1 is found close to the a-crystallographic axis, while the hard axes x; and x3 are found
near the c and b crystallographic axes.

“ 1%
X crystal =g Y. Xve (15)
(i, ]-, k) 121,4

The crystal susceptibility tensor is in compliance with the single crystal SQUID data.
Small mismatches between PND and SQUID data are ascribed to a slight misorientation
of the single crystal. Thus, compound (5) presents a strong magnetic anisotropy, which
is nearly uniaxial. It may be noted that the orientation of the easy axis appears roughly
coplanar with the nitrate moiety.

3.2. Polynuclear Coordination Compounds

The previous examples concerning mononuclear coordination compounds have
shown how PND, through the local magnetic susceptibility approach, is effective to describe
the magnetic anisotropy tensor on one metal site when it is often unreachable by other
methods. These are important results but these were dealing with single-ion anisotropy
only. In the next examples, we will see that this approach is also effective when applied to
polynuclear systems in which magnetic anisotropy is dominant but may be influenced by
magnetic exchange couplings between the metal ions constituting the polynuclear core.

3.2.1. Dinuclear Cobalt(II) Complex [Cop(sym-hmp),](BPhy),

Dinuclear cobalt(Il) coordination compound [Co;(sym-hmp),](BPhy), (6) (sym-hmp-
= 2,6-bis[(2-hydroxyethyl)methylaminomethyl]-4-methylphenolate) crystallizes in the mon-
oclinic space group C2/c [46] with four molecules per unit cell. The complex moiety
[Cop(sym-hmp),]?* (Figure 7a) is a cation and exhibits a C, symmetry axis along the Co-Co
direction which coincides with the b axis of the crystal. The two crystallographically inde-
pendent Co(II) ions of the complex molecule are on special positions and are connected by
two bridging oxygen atoms (denoted O19), forming a Co,O, planar bridge. Four oxygen
and two nitrogen atoms coordinate each of the cobalt(II) ions in distorted octahedrons
which are symmetrically apart from the normal of the Co,O; molecular bridging plane
making an angle of 37° in between the elongated axis of the two octahedrons (Figure 8a).
Temperature dependence of the magnetic susceptibility measurements on a single-crystal
and along each of the crystallographic axes evidenced strong magnetic anisotropy in (3)
with the two Co(Il) ions antiferromagnetically coupled. This was well simulated with
anisotropic exchange coupling constant Jeff,x = —19.3 cm ™!, Jeff,y = —37.4 cm™!, Jeff,z =
—82.8 cm ™! considering two effective spins (s = 1/2) [23].

Figure 7. View of the cationic dinuclear complex molecule [Coz(sym—hmp)2]2+ in (6) from X-ray diffraction on single crystal

(a) with drawing of molecular magnetic ellipsoids from SQUID measurements for one molecule (b) and in crystal cell (c).
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Figure 8. Drawing of magnetic principal axes from neutron polarized diffraction (PND) (b) compared with two hypothetic

cases depending whether single-ion anisotropy dominates the antiferromagnetic exchange coupling (a) or vice-versa (c).

Because of the C2/c space group and the special positions occupancy of the two Co(lI)
ions all molecules in the crystal cell have same orientation. Thus, the susceptibility tensor
of the crystal is here strictly equal to the tensor of the individual dinuclear molecule. This
is one case where SQUID measurements (ARM) of the magnetization on single crystal
give the component of molecular magnetic susceptibility tensor. ARM at 2K enables the
determination of the magnetic principal direction of the crystal. The monoclinic symmetry
of the crystal imposes the b axis as one of the magnetic principal directions of the crystal for
which the magnetic susceptibility was denoted xm». The two other principal directions Xm1
and 3 are perpendicular to X and relatively close to the a and ¢ axis, respectively. At 2K
and a field of 1T, ARM gives the following molecular susceptibility tensor (16) represented
as an ellipsoid in Figure 7b,c:

- 0.795 0 0.103
X molecule — 0 0.095 0 [/ T] (16)
.. 0.103 0 0.161
(i, j, k)

The crystal susceptibility tensor is the sum of the two Co(Il) local tensors but from
SQUID measurements, it is not possible to further access the two individual local tensors
associated with Co(1) and Co(2). This was complementary achieved by PND as follow.
Three sets of flipping ratios were collected at 2 K on one big single crystal of 3 (135 mm?)
for three orthogonal directions close to the 4 *, b, and c axes aligned along an applied
magnetic field of 1 T. From PND data the refinement of the local susceptibility tensors of
the two Co(II) ions was processed by constraining their sum to be equal (Equation (17))
to the molecular magnetic susceptibility tensor determined by SQUID measurements
(Equation (16)):

o o o
X Co(1) + Xco(2) = Xmolecule 17)

The tensor components for each Co ion, in the (i, j, k) basis set, obtained from this
constrained refinement on the three sets of flipping ratios are the following:

o 0.31(3) 0  —046(6)
X Co(1) :( 0 0.03(4) 0 )yBT_l (18)

(i, j, k) —0.46(6) 0 0.14(3)
. 0.49(3) 0 —0.36(6)
X Co(2) = ( 0 0.06(4) 0 ) upT ™! (19)
(i, j, k) —036(6) 0 0.03(3)

It should be stressed that these local tensors (Equations (18) and (19)), which are
experimentally determined by PND, are not single-ion paramagnetic susceptibility tensors.
They indeed include the contribution of the antiferromagnetic exchange and their sum is
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the molecular magnetic susceptibility tensor. Diagonalization gives the eigenvectors and
eigenvalues (Table 1).

Table 1. Principal values (in 5T~ !) of the susceptibility tensors at 2K in compound 6.

Co(1) Co(2)

(a, c) plane x1 (upT™1) 0.69(9) 0.68(8)
x2 (upT™1) —0.24(9) —0.17(8)

b axis x3 (upT™1h) 0.03(4) 0.06(8)

We can see that for both Co, two magnetic principal directions have negative sus-
ceptibility values (Table 1). This prohibits the drawing of a magnetic ellipsoid. Thus,
only the directions of the eigenvectors can be represented (Figure 8a). However, this is
enough to show that the b axis is a common magnetic principal direction for both Co ions.
They are denoted as x3 and their weak susceptibility values mean that the local magnetic
moments are mainly constrained in the (a,c) plane. In this plane, we find the local easy
magnetization axis, denoted as X1 and X2, which have similar susceptibility values of the
order of 0.68 yp T~ ! and of the order of —0.20 UB T, respectively, for both Co ions.

An angle of 68 (£6)° was found between the easy local magnetic principal directions
of the two Co ions which are symmetrically tilted apart from the bridging plane Co,O; of
the molecule (Figure 8b). The local easy magnetization axes X1 are mainly oriented along
the normal to the molecular bridging plane while the negative principal directions x; lie
along the direction joining the two bridging oxygen atoms (019-O19). This indicates that
the effect of the antiferromagnetic exchange coupling is stronger when a magnetic field is
applied in the bridging plane of the molecule i.e., along the z direction.

In order to interpret the effect of the exchange interaction on the magnetic anisotropy
in this dinuclear compound (6), we may consider two extreme cases illustrated by Figure
8a,c. In the first case (Figure 8a), if single-ion anisotropy was dominating the antiferro-
magnetic exchange coupling, the magnetic behaviour should be that of two independent
Co(II) ions. The two local susceptibility tensors would be expected to yield only positive
eigenvalues (i.e., genuine paramagnetic behaviour) and the magnetic principal directions
would follow the orientation of the local coordination geometries and make an angle of
nearly 37° (structural angle). In the second case (Figure 8c) if the AF exchange coupling
was dominating over single-ion anisotropies, the local induced magnetic moments, which
lie in the (a,c) plane, would be antiparallel whatever the applied field direction. This is
fulfilled for each Co ion if and only if one positive and one negative eigenvalues, equal
in absolute values, form an angle of 90 degrees. From PND study we can see that the
observed situation is intermediate between these two extreme cases: one positive and one
negative eigenvalue is obtained for each Co ion but the tilt angle between the magnetic
principal axes in the (a,c) plane is equal to 68° (Figure 8b), somewhat midway between 37°
(Figure 8a) and 90° (Figure 8c). This remarkably illustrates the competition between the
two contributions and confirms that AF exchange coupling plays an important role, as well
as the single-ion anisotropies, in the origin of the molecular magnetic anisotropy of (6) [24].

3.2.2. Tetranuclear Nickel(II) Complex [Nis(L)4(MeOH)4]

Tetranuclear nickel(II) complex (Figure 9), [Nig(L)4(MeOH)4] (7) (H,L = salicylidene-2-
ethanolamine; MeOH = methanol), so called hereafter cluster, crystallizes in the monoclinic
space group P2; /n with four neutral molecules in the unit cell [8]. In the cluster, each of the
four crystallographically independent nickel(II) ions is linked to the other by three ethoxo-
type psz-oxygen atoms of the ligand (02, O4, O6, and O4). This forms a slightly distorted
{NigOy4} core with a cubane-like structure of type II with four short (~3.04 A) and two
long (~3.2 A) Ni ... Ni distances [47] and with approximate S, symmetry (Figure 9) [8,48].
The coordination of the Ni(Il) ions are each completed by one nitrogen and one phenoxo
oxygen atom of one ligand and one methanol oxygen atom (Figure 9) affording an almost
regular octahedron geometry. The deformation of the coordination octahedron around each



Magnetochemistry 2021, 7, 158

13 of 18

Ni atom of this cluster is caused by a tetragonal elongation along the O-Ni-O direction
involving the coordinated methanol and the bridging p3-O atom [48].

Figure 9. Drawing of molecular magnetic ellipsoids (a) and single ion anisotropies (b) together with drawing of resulting

magnetic anisotropies for each of antiferromagnetically coupled pairs (c) and (d) from neutron polarized diffraction (PND).

As expected for such a cubane structure, the magnetic behaviour is dominated by
strong ferromagnetic interactions (Jr = +8(1) cm~!) operating within the four Ni-Ni pairs at
short distance, while weak antiferromagnetic (Jar = —3(1) cm 1) interactions occur within
the two long distanced pairs. The complete interpretation of the magnetic behaviour also
involves taking into account a large axial anisotropy. This has been confirmed previously
by inelastic neutron scattering (INS) on powder [8]. PND along with the local susceptibility
approach is allowed to go beyond. As seen here above for such a space group, there are
two different molecular orientations in the crystal cell and ARM can provide solely the
crystal magnetic anisotropy tensor as the sum of the local susceptibility tensors over the
four symmetry-related tetranuclear molecules in the cell:

4
< <
Xcrystal = 2 X cluster (20)

sym

Using PND measurements it has been possible to map in a detailed manner the direc-
tion and strength of the local magnetic anisotropy in this tetranuclear nickel(I) complex at
different levels [27]. These comprise the crystal and molecule magnetic anisotropies as well
for each individual Ni(Il) ion, but also for the two different pairs of antiferromagnetically-
coupled Ni?* ions. Three flipping ratio data sets were collected, at 10 K on a single crystal of
10 mm?, under a moderate magnetic field of 2 T. Due to a low number of accurate flipping
ratios, four of six components of the local (molecular) cluster tensor could be determined
while two (x23 et X31) were set to zero in the final refinement because they were below the
limit of significance (Table 2).

Table 2. Susceptibility tensor components in (i T-1) from PND for the cluster, individual ions and
antiferromagnetic pairs. In footnote: respective goodness-of-fits in the combined refinement relative
to the three different data sets.

X11 X22 X33 X23 X31 X12

Cluster ! [Ni] 1.88(24)  2.32(12)  1.04(12) 0.0 0.0 —0.72(28)
Tons 2 Nil 0.63(18)  0.68(12)  0.16(9) 0.0 0.0 0.0
Ni2 0.42(20)  0.48(8) 0.33(6) 0.0 0.0 0.0

Ni3 023(18)  0.58(9) 0.32(7) 0.0 0.0 —0.18(12)

Nid 0.74(21)  0.85(11)  0.20(9) 0.0 0.0 —0.33(13)

Pairs3  Nil-Ni4  1.4024)  1.50(14)  0.36(10) 0.0 0.0 —0.26(16)
Ni2-Ni3  0.60(16)  1.02(10)  0.66(8) 0.0 0.0 0.0

1 GOF:2.2,2.3,2.9;2 GOF: 2.3,2.0,3.2; 3 GOF: 2.1,2.1, 2.9.
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. 188 —072 0
X cluster = | —072 232 0 usT~' (i,j, k) // (a*, b, c) (21)
(i, j, k) 0 0 1.04

The obtained cluster tensor (22) is drawn as an ellipsoid on Figure 10a. This shows
that the local easy magnetic axis )?1 of the cluster is close to the pseudo-symmetry Sy axis,
in agreement with previous INS investigation [3]. The observed axial anisotropy of the
cluster magnetic ellipsoid (x1 >> x2,X3) confirms the easy axis-type magnetic anisotropy of
the cluster predicted by the negative sign of D.

Ni

< — 1

Xcluster = 2 XNi (22)
=14

Figure 10. Magnetic ellipsoids associated to the single-ion tensors for the Ni atoms involved in AF pairs, in projection along
the S4 pseudo axis: (a) Nil-Ni4; (b) Ni2-Ni3. The easy magnetic axes are represented in black, the mean axes in green, and

the hard axes in red.

Then refinement of the local susceptibility tensors )? Ifh- (with I = 1, 4) affords the six
components x;;for each of the four Ni ions (Table 2). As for previous dinuclear cobalt(II)
complex (6), the susceptibility tensor of the [Nis] cluster is here the sum of individual Ni
tensors taking into account the single ion paramagnetic contributions and the ferro- and
antiferromagnetic exchange interaction between the Ni(Il) ions. Drawing of the magnetic
ellipsoids evidences strong similarity between pairs of Ni atoms (Nil, Ni4) and (Ni2, Ni3)
which are antiferromagnetically coupled (Figure 9b). This suggests they have similar
magnetic behaviours with respect to the applied magnetic field. Therefore this was treated

as two “effective tensors” ;pkair (with k =1, 2) for each of the antiferromagnetically coupled
pairs, which include the perturbation by ferromagnetic exchange interactions between the

Ni atoms of the pairs.

k
}—()cluster = Z }—()pair ’ (23)
k=12

The obtained values reported in Table 2 indicate that the tensor associated to the
Nil-Ni4 pair is more anisotropic than the tensor relative to the Ni2-Ni3 pair. The magnetic
ellipsoids and principal magnetic axes are represented in Figure 9¢,d. The easy axes ()a) of
the pairs are both close to the S; pseudo-symmetry axis, but the hard ()?3) and intermediate
()a) axes are found nearly perpendicular to each other axes, as well. This is in agreement
with local geometries as octahedrons around Nil and Ni4 than for Ni2 and Ni3. In contrast,
the elongation directions of the AF pairs are orthogonal to each other. However, the local
tetragonal distortion is slightly larger for (Ni2, Ni3) than for (Nil, Ni4). This suggests
that the axial distortion of the coordination octahedron is not the only source of magnetic
anisotropy but the deformation of the triangular faces of the octahedron. This in turn
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means that deformation in the equatorial directions of the coordination octahedron plays
an important role. The effective magnetic tensors associated to each antiferromagnetic pair
(Figure 9) reflect the resultant of the effective single ion tensors of the Ni ions involved in
the pair (Figure 10). Noticeably, the hard magnetic axes of the both pairs are perpendicular
to each other, in agreement with the local directions of tetragonal distortion.

The cluster experimental local susceptibility tensor (Equation (21)) at 10 K obtained
from the PND data analysis was used to calculate the bulk magnetization induced by a
magnetic field, applied in any direction of space, for a more direct comparison with the
angular-resolved measurements. Taking into account the symmetry operations of the P2 /c
space group, the crystal susceptibility tensor can be deduced from Equations (20) and (21),
which leads to the bulk susceptibility tensor:

o 1o 1.9(2) 0 0
Xbulk = ZLXcrystal = 0 2.3(1) 0 in VBTil/ (24)
0 0 1.0(1)
- = =

This tensor is diagonal in the (i, j, k) basis set and, therefore, its eigenvectors, i.e., the

bulk magnetic proper axes, coincide with the ;*, Z, and ¢ axes, which fully agrees with
the SQUID data analysis. Simulation of the single crystal SQUID data (ARM) using the
cluster susceptibility tensor from PND gave a very good agreement on the locations and
magnitudes of the extrema of the ARM curve but with discrepancy between the direction
found by SQUID and those from PND. Once again, this illustrates that the orientations are
rather ill defined with SQUID measurement on single crystals.

These results show that the strength of the local magnetic anisotropy is clearly related
to the local geometry of the Ni coordination octahedron. They confirm that the orientation
of the hard axes of the Ni(II) ions is governed by the tetragonal elongation along the O-Ni-O
direction involving the coordinated methanol and the bridging alkoxide. However, the
single ion magnetic anisotropy is not only stemming from this axial distortion, but also
originates from the deformation in the equatorial directions of the coordination octahedron,
as shown by the strongest axial anisotropy of the AF pair which displays the weakest axial
elongation but largest equatorial distortion.

These PND results are also consistent with the negative value of the ZFS parameter
D for the cluster, as provided by a previous INS study [8] which only gives access to the
anisotropy parameters and not to the directions of the magnetic axes. PND confirms that
the easy magnetic axis of the cluster is close to the 54 pseudosymmetry axis as assumed in
the INS study, but in addition and exclusively it reveals that the easy axis anisotropy of
the cluster is mastered by the anisotropy of one of the two antiferromagnetic pairs, which
presents stronger axial anisotropy than the other one.

4. Conclusions

Because of the non-collinearity of the magnetic structure factor (Fyy) with the applied
magnetic field, the magnetic anisotropy was initially an obstacle for mapping the magneti-
zation density using PND. This restriction no longer exists thanks to the local susceptibility
approach and it is paradoxical that magnetic anisotropy even becomes now a subject of
study in its own right for PND. The results we have reviewed here demonstrate that PND
on a single crystal together with the local susceptibility approach is today a unique tool to
establish precise magneto-structural relationships in transition metal complexes as well
as for the most extremely magnetically anisotropic systems, namely, 4f-based complexes.
It is to stress that in these reported results, the induced moments were treated as vectors.
Therefore for some f ions that may have multipolar states the results should be taken
with caution but these are special cases. Moreover, it is clear that the magnetic anisotropy
parameters, which are obtained by PND and the local susceptibility approach, must be
complementary of a more general investigation combining other experimental methods
and quantum chemical calculations. This is particularly obvious for f-ion systems where
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the knowledge of the ground state of the crystalline field and its decomposition |J,mJ> are
crucial. This can be obtained either by quantum chemical calculations and by spectroscopic
measurements when they are available. These illustrate that single-crystal PND using the
local susceptibility approach allows a precise and quantified measurement of the magnetic
anisotropy in molecular coordination compounds. One main drawbacks is the duration
of the measurements, which may be long, since it is necessary to carry out at least three
collections of flipping ratios for three orthogonal orientations of the applied magnetic field.
Moreover, as with most neutron scattering techniques, it requires relatively large crystals,
but thanks to 2D detectors this has considerably decreased. Moreover, A. Gukasov and L
Kibalin have just extended the approach to powder diffraction which greatly minimizes
these drawbacks [49]. Most importantly, the approach works not only for mononuclear
but also for polynuclear systems where it provides the atomic susceptibility tensor for
each independent magnetic site as well a detailed mapping of the magnetic anisotropy
at different levels as exemplified by [Nis] cubane. This would otherwise remain entirely
inaccessible using any other technique.
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