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Abstract

[Mn!"!(pyrol)3(tren)] {(Hpyrol)stren = tris(1-(2-azolyl)-2-azabuten-4-yl)amine)} is a mononu-
clear spin-transition compound switching between high spin (HS, S = 2) and low spin
(LS, effective S = 1) around 47 K, preserving [43d symmetry. Its magnetic anisotropy is
studied by calculating the atomic susceptibility tensor from the refinement of polarized
neutron powder diffraction. The analysis reveals that the weakly prolate-type atomic mag-
netic anisotropy in the HS state abruptly switches to uniaxial needle-shaped/Ising-type
anisotropy in the LS state. However, the overall magnetic anisotropy of the unit cell remains
isotropic due to the cubic nature of the crystal symmetry. Irreversible coexistence of mixed
spin states HS/LS is observed in the vicinity of the cooperative spin crossover, where
the average magnetic moment of Mn®* shows a hysteretic temperature variation. This
hysteretic mixing of HS and LS at intermediate temperatures suggests complex growth and
nucleation of HS and LS domains. The study demonstrates that polarized powder neutron
diffraction is a unique and powerful tool for describing complex magnetic anisotropies and
magneto-structural correlations in molecular-based magnetic materials.
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occurring between spin and charge degrees of freedom in molecular-based magnetoelec-
tric (ME) materials [4]. In spin crossover (SCO) and spin-transition molecular systems,
the magnetic anisotropy changes significantly, driven by the subtle balance between the
electrostatic field on the magnetic ion and the spin-pairing energy, under the influence
of external controllable perturbations such as temperature, light, magnetic field, or pres-
sure [5]. Therefore, understanding magnetic anisotropy and magneto-structural correlation
in SCO materials is necessary to make progress towards potential applications.

Polarized Neutron Diffraction (PND) on single crystals analyzed using the susceptibil-
ity tensor approach [6,7] has proven to be a unique and powerful technique to measure
anisotropy among other commonly practiced methods, which are Electron Paramagnetic
Resonance (EPR), magnetometry (SQUID, VSM, and torque), and Inelastic Neutron Scatter-
ing (INS). It is known that EPR provides anisotropy information limited to the magnitude
and sign of the magnetic anisotropic parameters (axial D and rhombic E terms) and g
tensors when there is one molecular orientation per unit cell. However, for compounds
with binuclear or multinuclear orientations, this technique has limitations in determin-
ing individual g and D anisotropy tensors. Single-crystal magnetometry can provide
anisotropy information by measuring the susceptibility tensor in reference to crystal axes
that, in general, do not coincide with the molecular symmetry axis, since the magnetic
anisotropy in molecular magnets is the combination of molecular anisotropy and crystal
symmetry of the space group. Alternatively, INS provides a direct scalar measurement of
zero-field splitting (ZFS) anisotropy and crystal-field parameters by measuring zero-field
excitation spectra. Recently, PND was developed to overcome the limitations of the earlier
spin-density-distribution methods. Unlike earlier techniques, PND can explicitly measure
the magnetic anisotropy tensor at sites with strong anisotropy (no collinearity between
the induced magnetic moment and the applied field direction) [7]. The PND method is no
longer restricted to single crystals; it has recently been extended to polycrystalline powder
samples [8,9]. The integrated Rietveld refinement application platform CrysPy has been
made available to refine the components of the susceptibility tensor from the flipping sum
and difference intensities defined as I, + I_ and I, — I_. Here, I, and I_ are the scattered
intensities corresponding to the incident neutron polarization parallel and antiparallel to
the applied field at the sample position, respectively. For polycrystalline samples, the sum
and difference flipping intensities can be written as

L+ 1~ NP+ M 1)

— X%

- = —
I+—I_~N*<<ML.P)>+N<ML.P> (2)
— —
where N is the nuclear structure factor and M | <k) is the component of the mag-

— /= - =
netic structure factor M(k), perpendicular to the scattering vector k. P is the po-

larization factor of the incident beam. The magnetic structure factor can be written as
— [ N — = PN — - PN
M(k) = Z]-mjf(k)exp(ik.r> =Y xij(k>exp<lk.r>,where X j is a symmet-

ric second-rank tensor defined as

X11 X12 X13
X12 X2 X23 3)
X13  X23 X33

Xij values are determined by the constraints of the site symmetry and obtained from
the refinement of the sum and difference diffraction patterns (see Equations (1) and (2))
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calculated from the measurement of I, and I_. A more detailed mathematical formulation
of PND can be found in Ref. [9].

In this paper, we present a Polarized Neutron Powder Diffraction (PNPD) study to deter-
mine the magnetic anisotropy vectors in the spin-transition compound [Mn!"(pyrol);(tren)] in
both its high-spin (HS) and low-spin (LS) states.

[MnIH(pyrol)g(tren)] {(Hpyrol)stren = tris(1-(2-azolyl)-2-azabuten-4-yl)amine)} is a
molecular complex in which Mn** undergoes an abrupt cooperative spin transition from
HS (S =2) to LS states (effective S = 1) at ~47 K [10-13], preserving its space group (I43d) [14].
The macroscopic magnetic susceptibility in the form of xT(T) is represented in Figure S8 of
the Supplementary Information. The spin transition is evidenced by a sharp drop of xT char-
acterized by a sizeable hysteresis (see the inset of Figure S8, Supplementary Information).
In the HS state, the Mn>* polyhedra possess dynamic Jahn-Teller (J-T) distortion [13,15-17].
Previous ESR [17] and the INS study [18] proposed that in the HS state, the Hamiltonian
consists of uniaxial and rhombic terms (INS: D = —5.73 cm™! and |E| = 0.475 cm™!, respec-
tively), which leads to effective axial anisotropy along the threefold symmetry axis through
the Mn ion. In the LS state, the INS spectra suggest a large positive uniaxial (D = 39.3 cm™!)
term in the Hamiltonian under the influence of strong trigonal compression along the Cs
direction, which leads to an effective spin S = 1 [18]. J-T distortion in the HS state manifests
electric dipoles that show paraelectric behavior [12,19]. These J-T dipoles are proposed to
be coupled with the magnetic easy axis via spin-orbit coupling and provide a pathway for
an enhanced second-order magnetoelectric (ME) coupling, which tends to align the local
J-T distortion-generated dipoles. This experimentally observed and theoretically supported
ME coupling raises the crucial importance of understanding the magnetic anisotropy with
respect to the local molecular symmetry axis of the [Mn'"(pyrol);(tren)] complex [16,19,20].

The present PNPD study monitors the magnetic anisotropy and magneto-structural
correlations in both HS/LS states and across the spin transition. Our investigation elu-
cidates the nature of the spin transition by examining the spin state during the thermal
spin transition. Further, the study also demonstrates the capability of PNPD to map the
magnetic anisotropy of molecular magnets in polycrystalline powder form.

2. Experiment Details

Neutron powder polarized diffraction was performed on the D20 powder diffractome-
ter at the Institut Laue-Langevin (Grenoble, France) [21]. [MnT (pyrol)s(tren)] was prepared
as a polycrystalline sample, adapting a procedure for the Felll analog [13]. Am=08g
polycrystalline [Mn!!(pyrol);(tren)] sample was tightly packed in a Vanadium sample
holder and mounted in a cryomagnet. A 5.5 T vertical magnetic field was applied at the
sample position. The neutron beam (A = 2.41 A) was polarized using a *He spin filter (built
by DPT/SON team at the ILL) measuring 8 cm (width) x 10 cm (depth) x 22 cm (height),
filled at 1.5 bar. The incident beam polarization was continuously monitored using two
neutron beam monitors positioned before and after the filter, as described in [22]. The
initial beam polarization exceeded 80%, and the filter was replaced daily to compensate
for the decay of the *He polarization. The 10% depolarization induced by the sample was
determined using a Heusler crystal placed before and after the sample. Flipping difference
spectra were measured following the repeated sequence [+][—][—][+] to avoid integrating
beam polarization variations into the data. Measurements were taken at 200 K and 5 K to
probe the system significantly above and below the spin transition. Other measurements
were taken in the vicinity of the transition between 44 K and 50 K. Temperature controllers
were used to carefully set the temperature and avoid overshoots. Rietveld analysis was
done using the CrysPy package [9] for refinement of the nuclear structure and molecular
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susceptibility tensor. Bond, angular, and dihedral distortion parameters were estimated
using the OctaDist package [23].

3. Results and Discussion

The flipping sum pattern at 200 K and 5.5 T is fitted to refine the structure (143d). At this
temperature and magnetic field, the signal-to-noise ratio in the observed difference pattern
is very low; thus, it is not used for the refinement of the susceptibility tensor but rather for
structural information (Suppl. Figure S1a,b). The fitted unit cell dimension is 20.087 A, and
the distorted MnNg coordination polyhedral (Suppl. Figure 52) exhibits two distinct bond
lengths: Mn-N1 =2.079 (3) A and Mn-N2 = 2.151(5) A, with a mean value of Mn-N bond
length of 2.115 A. The distortion of dynamically active J-T polyhedral MnNj is estimated by
calculating ¢ (), 2(°), and © (°). The parameter { is the sum of deviations of metal-ligand
bond lengths around the metal ion from the mean bond length. ¥ is the parameter defined
as the sum of the deviations from 90° of the cis angles in the coordination spheres so as
to represent the angular deviation of the polyhedron from the ideal octahedron. The ©
parameter represents the trigonal or dihedral distortion and is defined as deviations from
60° of the 24 possible twist angles [23]. The distortion parameters at 200 K are { = 0.216 A,
2 =74.48°, and © = 242.70°. The significantly high value of ® corresponds to the trigonal
distortion as a consequence of twist around the Cj axis passing through Mn>*.

At lower temperatures, clear positive and negative peaks are visible in the flipping
difference in the diffraction patterns, which are then fitted using the susceptibility tensor
method. Background, shape parameters, asymmetry parameters, polarization factors, scale
factors, and beam offset parameters are primarily refined for the flipping sum and are set
to fixed values before the susceptibility tensor components are refined from the flipping
difference patterns. Position of the Mn3* ion is at the 16¢ site in [43d space group symmetry,
and thus the symmetry constraints apply to the refinable susceptibility components as
X11 = X22 = X33 and X12 = X13 = X23. Therefore, two independent coordinates x1; and x12 of
the matrix tensor are refined for all the patterns below 50 K. The fitted flipping sum and dif-
ference patterns are shown in the Supplementary Information (Suppl. Figures S3 and S4).

At 5 K, in the LS state, the refined values of these two independent components
of the susceptibility tensor are x11= 0.0586(47) upT 1 and x1= 0.043(14) ugT~V and the
corresponding eigenvalues are x1= 0.145 T~ L, xo= x3 = 0.016 ugT~ L. The anisotropy
ellipsoid plotted over the molecule (Figure 1a) clearly indicates strong uniaxial Ising-type
anisotropy with an easy magnetic axis oriented along four local <111> directions (Figure 1b),
i.e., along the C3 symmetry axis of the molecule. The strong axiality of the anisotropy
ellipsoid can be realized by comparing the parallel and perpendicular components defined
asx| = Xu+2x12 = xqandx; = x11 —X12 = X2 = X3 [9]. At5K, the component
parallel to the C3 axis is x; = 0.145(49) upT~! and the perpendicular component is
x. = 0.0156(49) ugT~!, which lies in the (111) plane. The ratio of these components (%)
is ~9.29(24), which signals a strong uniaxial nature of anisotropy in the LS state. At5K,
while the unit cell parameter is a = 19.842(18) A, values of the distortion parameters for
MnNg are = 0.339 A, ¥ =53.302°, and © = 180.700°, and the average value of the Mn-N
bond length is 2.0283 A. The distortion values clearly show that the MnNj coordination
has high bond distortion but lower angular distortion in the LS state (5 K) compared to the
HS state at 200 K, i.e., far away from the transition. Trigonal compression in the LS state
dominates over the twisting distortion, which is the primary distortion factor in the HS
state, accompanied by the dynamic J-T effect.
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Figure 1. (a) Anisotropy ellipsoid obtained from the susceptibility tensor at 5 K overlaid on the
molecule (without hydrogen bond). The strong axiality of the ellipsoid indicates that the easy axis of
magnetization is along the molecular C3 symmetry axis, which lies along four local <111> directions,
as shown with reference to the crystallographic axes. (b) The anisotropy ellipsoid (pink) is plotted
over Mn-N (blue dots) coordination polyhedra for the entire unit cell. The overall unit cell remains
isotropic with respect to the plotted reference of the crystallographic axes.

At 44 K (LS state), i.e., just below the spin-transition temperature [18], x11 = 0.0533(64)
upT~! and x1p = 0.037(19) upT~%; x| and x| are 0.1237(66) upT ' and 0.016(66) upT ™!,
respectively. The ratio (%) =7.73(96) signifies an Ising-type axiality at 44 K, similar in nature
to that at 5 K (Figure 2a). The calculated distortion parameters are { = 0.412 A, . = 60.094°,
and @ = 196.97° with an average Mn-N bond length of 2.026 A and a unit cell parameter
a =19.851 A. In the HS state at 50 K, just above the transition, the refinement results are
X11 = 0.0840(50) ugT !, x12 = 0.014(16) upT~*. Corresponding x| and x ; values are 0.112(52)
ugT~!and 0.07(52) ugT~1, respectively. The ratio (%) = 1.6(14) suggests the evolution of the
“needle shape” in the LS state into a “weakly prolate-type” anisotropy above the transition
(Figure 2b). The unit cell parameter at 50 K is 19.965(15) A. The average Mn-N bond length
is 2.128 A, and the distortion parameters are { = 0.363 A, £ = 71.558°, and © =233.429°. The
net contraction of the unit cell volume is 135.545 A3 (1.7%) when the temperature changes
from 50 K to 44 K. With a temperature variation of only 6 K, the change in the average Mn-N
bond is 4.79%, and the change in distortion parameters ¢, > and © are 11.89%, 16.02%, and
15.62%, respectively. The volumetric change and distortion are much more important due to
the spin transition than the usual consequence of temperature changes in the 5 K-44 K and
50 K200 K ranges, as found in single-crystal X-ray diffraction [14].

(a) 44K: m" =0.68 Us (b) 50K: m" =0.62 HB
m,; =0.09 yg m,; =039 yg

Figure 2. Shape of anisotropy ellipsoid in the vicinity of spin transition: (a) Ising-type at 44 K and
(b) weakly prolate-type of anisotropy ellipsoid at 50 K overlaid on Mn-N coordination polyhedral
with moment parallel to the C; axis, i.e., along <111> direction and perpendicular components which
lie in the (111) plane at each temperature.
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In the hysteresis loop between 50 K and 44 K, signatures of phase coexistence and
irreversibility appear through the evolution of the diffraction peaks exhibiting a “shoulder-
like” shape in some peaks (Figure 3a). The system possesses cubic symmetry in the full
temperature range of 5-200 K, and important changes in atomic positions occur during the
abrupt spin transition. Therefore, for a qualitative understanding of anisotropy and spin
state phases, the refinement of the patterns at intermediate phases through the transition
is carried out considering the possibility of coexistence of HS and LS states close to the
transition temperature, but in the absence of a structural transition [24]. Best fitting (Suppl.
Figures S6 and S7) is achieved by incorporating two phases with the unit cell parameters
and atomic positions of the HS phase at 50 K and the LS phase at 44 K, as mentioned earlier,
rather than a single phase. The refinement is carried out by setting all other parameters
fixed and verifying only the scale factors, x11 and X2, of the two phases. The contribution

(in weight percentage) of each phase is calculated as W; = ):5 g[;lzelle , where i corresponds to

HS and LS populations. It clearly shows hysteretic temperature variation (Figure 3b). The
average magnetic moment per Mn>* of the system in such a mixed state is calculated using
the contribution of each phase as < m > = Wpyg * m(HS) + Wrs * m(LS). The hysteretic
nature of temperature variation in weight percentage of HS (Wps%) and LS (W1 s%) and
the average magnetic moment (Figure 3c) per Mn®* are reminiscent of the irreversibility
of the spin transition observed in macroscopic magnetization [11,17]. It is worth noting
that the aforementioned values may slightly vary with the measurement resolution, rate of
temperature variation, and sample type (powder and single crystal). However, this analysis
undoubtedly indicates the presence of mixed spin states in the intermediate-temperature
regime. The hysteretic nature of the spin-transition and the phase coexistence signify a
complex transition process related to the growth, nucleation, and propagation mechanisms
of HS and LS domains one over the other during the transition [5,24-27].

In the HS state, the anisotropy has a significant perpendicular component, which
leads to a deviation from needle-like Ising-type anisotropy toward a weakly prolate-
type anisotropy, although the easiest axis of magnetization lies along the C3 axis. This
is consistent with previous INS (D = —5.73 cm ™! and E = 10.475/cm™1) [18] and EPR
(D=-5.88cm ! and E = 10.501 cm™!) [17] studies, which proposed an effective axial
anisotropy along the Cj axis. However, the presence of a significant perpendicular compo-
nent, thus a weakly prolate-type anisotropy ellipsoid with a low ratio, aligns the magnetic
moment perpendicular to the C3 axis, as shown by the PNPD data. Therefore, it pro-
vides a pathway for magnetoelectric coupling to tune electric dipole polarization due
to J-T distortion (along N1-Mn-N2) by applying a magnetic field perpendicular to the
Cs axis [11,18,19]. In the LS state, the INS study proposed a large positive single-ion
anisotropy (D = +39 cm~!) without any rhombic term (E = 0) in the Hamiltonian. In
Ref. [18], the authors considered two possibilities, a positive or negative uniaxial trigo-
nal distortion parameter A to account for the INS transition peak observed at 4.87 meV
(namely A = —1100 cm ™! or A = +800 cm~!). In their model, D is related to the energy gap
OE =~ ¢(xA)*/|A|, where ¢ = 1 (A negative) or ¢ = 2 (A positive), k is the orbital reduction
factor (close to 1), and A is the spin—orbit coupling (estimated at —180 cm™!). The sign of A,
and thus of D, is therefore not directly attainable with INS, and it was conjectured that one
scenario was more plausible than the other with no definitive proof. The PNPD analysis in
the LS state suggests a strong needle-shaped Ising anisotropy oriented along the C3 axis
with a very large ratio. This strong axial nature of anisotropy in the LS state appears to be
contradictory to the then-proposed large positive D value.

https://doi.org/10.3390 /magnetochemistry12050056
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Figure 3. (a) Thermal irreversibility and broadening of one of the reference Bragg peaks (6 5 3) in
the intermediate temperature regime during transition at 44 K, 45 K, 46.5 K (cooling and heating),
and 50 K. Mn3*. (b) The weight percentage of HS (left vertical scale) and LS (right vertical scale)
contributions obtained from the scale factor. (c) Irreversible hysteretic temperature variation in
the average magnetic moment per Mn3*. In panel (a), the Gaussian fitting of the peak at differ-
ent temperatures implies the presence of different contributions in the intermediate-temperature
regime. In panel (b) The weight percentage corresponding to HS contribution (Wys%) and LS con-
tribution (Wg%) is obtained from the Rietveld refined scale factor W; = ZS giiflle, , where i = HS,
LS.In panel (c) the irreversible hysteretic temperature variation in the average magnetic moment
<m> = Wpyg*m(HS) + Wis * m(LS) per Mn®* is calculated considering the contribution from
each phase. The magnetic moment contributions, m(HS) and m(LS), are obtained from the Rietveld
refinement of the PNPD data (fitting and corresponding reliability parameters are reported in the

Supplementary Information).

4. Conclusions

In conclusion, the magnetic anisotropy of the [MnHI(pyrol)3(tren)] in HS and LS states
has been determined by PNPD. The analysis suggests a weakly prolate-type magnetic
anisotropy, with the easiest direction of the magnetization lying along the threefold Cs;
axis and the perpendicular direction. The ratio (;—J = 1.60(14)) of the components
of the parallel and perpendicular to the C3 axis at 50 K suggest that the large magnetic
moment can be induced along the perpendicular direction. The anisotropy in the HS state
is consistent with the rhombic term in the INS study and the report of tunability of ME
coupling by applying a magnetic field along the (110) direction. In the LS state, needle-
shaped Ising-type anisotropy is obtained with a relatively high parallel to perpendicular
component ratio (% = 9.29(24)) at 5 K. The strong axial anisotropy in the LS state
seemingly challenges the scenario of a positive uniaxial parameter D = +39 cm ! inferred
from INS as one of two plausible solutions [18]. Even though high magnetic anisotropy
is observed as a result of distortion and spin—orbit coupling, the overall system remains
isotropic with respect to the crystal axes, respecting the cubic symmetry of the crystal. The
analysis in the vicinity of and through the transition reveals the irreversible coexistence
of both HS and LS states, most probably in the form of domains (nucleation and growth
driven by temperature). In this regard, key complementary information could be obtained
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by performing high-resolution INS inside the hysteresis loop of the spin transition to better
characterize the mixed-spin state, thus addressing the remaining issues in this archetypical
thermal spin-transition material.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /magnetochemistry12050056/s1, Figure S1: Rietveld refinement
of the flipping sum (I, + I_) at 200 K and the flipping difference (I, — I_) pattern at 200 K. Figure S2.
Average structure of MnNg polyhedra under dynamic Jahn-Teller distortion at 200 K and threefold
Cj3 axis along [111] direction; Figure S3. Rietveld refinement of the (a) flipping sum (I, + 1), (b) and
difference (I, — I_) pattern at 5 K. Figure S4. Rietveld refinement of the (a) flipping sum (I, +1_)
and (b) difference (I, — I_) pattern at 50 K. Figure S5. Rietveld refinement of the (a) flipping sum
(I+ +I-) and (b) difference (I, — I_) pattern at 44 K. Figure S6. Rietveld refinement of flipping sum
(a—f) at different fixed temperatures in the intermediate temperatures 44 K-50 K during transition,
considering phase coexistence of HS and low spin. Figure S7. Rietveld refinement of flipping
difference (a—e) at different fixed temperatures in the intermediate temperatures 44 K-50 K during
transition, considering phase coexistence of HS and low spin. Figure S8. Susceptibility curve of the
title compound represented as xT product versus temperature obtained at 0.05 T during cooling and
warming. Table S1: Acquisition times of the Polarized Neutron Diffraction patterns obtained on D20
for the data taken under a magnetic field of 5.5 Tesla and various temperatures (5 K-200 K).
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