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We have investigated by inelastic neutron scattering (INS), neutron diffraction, and magnetometry the magnetic
properties of the mononuclear complex [Mn**(pyrol);(tren)] in both high-spin (°E, HS, S = 2) and low-spin
(T, LS, S = 1) states. The system presents a spin transition (ST) around 47 K with a small hysteresis width
(Tst,+ = 47.5 Kand Tsr,, = 46 K) characteristic of an efficient collective transition process. In the HS state, the
INS spectrum at 56 K and zero magnetic field is accounted for by a zero-field splitting with D = —5.73(3) cm™!
and |E| = 40.47(2) cm~! which may be the result of a dynamic Jahn-Teller effect reported in the literature.
In the LS state, a single magnetic peak at 4.87 meV is observed, still at zero field. Despite the existence of an
unquenched orbital moment (L = 1) in the ground *T; state, we argue that it may be described by a genuine S = 1
spin Hamiltonian owing to the existence of a strong trigonal distortion of the Mn** coordination octahedron. The
observed peak corresponds to a transition AM = +1 within the S = 1 ground state split by a large single-ion
anisotropy term D = +39.3 cm~!. A full spin-Hamiltonian model is proposed based on these first INS results

obtained in a thermal ST molecular magnetic system.
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I. INTRODUCTION

In molecular clusters containing transition-metal ions with
3d" (n = 4-7) configuration in quasioctahedral coordination,
the application of an external stimulus (temperature, light,
pressure, or magnetic field) may trigger a so-called spin
transition (ST) between a low-spin (LS) and a high-spin
(HS) state. If the right conditions (abruptness, presence of
hysteresis, suitable temperature range) are met, this effect
could be exploited for applications in the spintronics devices,
molecular switches, and sensors [1]. Indeed, along with the
magnetic ground-state change, the ST is often accompanied
by a change of volume through bond lengths variation, which
has important effects in the optical, dielectric, structural, and
even mechanical properties [2,3]. Spin transition is usually
observed in octahedrally coordinated molecular complexes of
Co**, Fe?*, Fe**, and, more rarely, d* ions like Mn** and
Cr**, but also in some perovskites like CsMnF, [4]. The
ST in 3d ions is governed by the competition between (a)
the ligand field which splits the 3d levels into a lower 15,
triplet and an upper e, doublet, enforcing electron pairing,
and (b) the electronic intra-atomic Coulomb repulsion which
promotes a HS ground state. Beyond this competition, the
spin transition may also be influenced by a subtle interplay
between intermolecular effects [5] and local distortions of the
coordination sphere induced by ST. This coupling determines
to a large part the level of cooperativity and therefore the
dynamics of the ST itself. A dominant cooperative process
may lead to significant hysteresis in the ST temperatures.
In 3d* ions the spin crossover takes place between T (LS,
S =1) and °E (HS, S = 2) states. In both states, spin-orbit
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(SO) coupling (first order in the LS state, second order in
the HS state) may result in deviation of the susceptibility
from a Curie law implied by effective zero-field splitting
(ZFS) terms that can be unequivocally determined only by
spectroscopic techniques like neutron scattering or high-field
Electron Paramagnetic Resonance (EPR).

In this article, we report by zero-field inelastic neutron
scattering (INS) a full insight of the magnetic ground states,
in both HS and LS states, of [Mn**(pyrol)s;(tren)]. More
precisely, the HS and LS states’ anisotropy parameters are
determined at zero field and their relationships with local
structural distortions away from purely octahedral geometry
are discussed. This compound is the first example of an abrupt
ST (Tst ~ 47 K) in a 3d*, signaling a highly cooperative
transition [6—10]. Indeed, if we exclude one example [11],
most Mn* complexes exhibit smooth ST [12—15]. It appears
that the driving force for ST in the present case may be
different from that of most compounds. First, we note that there
are no noticeable intermolecular exchange pathways between
the Mn3* ions. The large average Mn-Mn separation (d ~
7.40 A in both states) leads quite rationally to the provisory
conclusion that there is no intermolecular magnetic exchange.
Furthermore, Raman spectroscopy and dielectric constant
measurement studies [8,16] suggest that the conventional ST
process (collective vibrational process) is not operative here
but is essentially due to some structural disorder in the HS state
associated with a strong high-frequency dynamic Jahn-Teller
(JT) effect. This scenario is also supported by high-field EPR
data [17,18] and high-field optical spectroscopy [19].

In this context, we have taken advantage of magnetic
neutron spectroscopy to address the relationships between the
zero-field split ground states (both in LS and HS states) and
the local structural distortions. We find that the HS state is
indeed anisotropic, with a negative axial term, reflecting the
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FIG. 1. (Color online) (a) Full Q-range powder neutron diffrac-
tion (A = 2.4226 A, G 4.1, LLB-Orphée, Saclay) across the ST at 46
and 48 K and representation of the molecular unit. N atoms are labeled
N,, Ny, and N, depending on their coordination type. The red arrow
represents the threefold axis of the molecule which also corresponds
to aremarkable compression direction of the coordination octahedron.
Diffraction data were carried out while warming up from base
temperature. (b) and (c) Diffraction patterns at 44, 46, 48, and 60 K
on two selected Q ranges (Q = 1.75 and 2.1 A=1). The sudden shift
around 47 K is a typical feature of the HS to LS transition.

spatial and temporal averaging of the JT trigonal distortions,
and that the LS state is characterized by a strong positive axial
anisotropy driven by an important trigonal compression.

II. EXPERIMENTS

[Mn3* (pyrol)s(tren)] was prepared adapting a procedure
for the Fe** analog [20]. It represents a mononuclear chelate
complex where (pyrol)s;(tren) is a tripodal anion containing
a Schiff base. The structure has been determined by x-ray
diffraction in both HS and LS states by Guionneau et al. [9].
It crystallizes in the cubic space group /43d and no structural
transition is observed in the whole temperature range. The
unit-cell contraction between 293 and 30 K is about 4.7% (2%
can be attributed to ST and about 2.7% can be attributed to the
thermal contraction). The Mn ion lies on a threefold C5 “z”
axis alongside the uncoordinated N, (tren) and is octahedrally
surrounded by six N atoms (Fig. 1). The coordinating N atoms
come from three pyrrole groups at 2.05 A (denoted N;) and
three imine groups at 2.12 A (denoted N,). Nearest-neighbor
Mn - - - N distances are, on average, shorter in the LS state
(30 K) than in the HS state (60 K) by about 0.1 A.

Diffraction data also show the existence of a strong trigonal
compression of the Mn3* coordination environment, in both
phases, along the C3 axis (compression of about 10% between
the two triangular planes of the N atoms in N; and N, positions
compared to a regular octahedron). As the trigonal ligand field
does not lift the degeneracy of the e, orbital, the HS state is
accompanied by strong dynamic JT distortions along the three
N;-Mn-N, axes. Diffraction data consist then of the averaged
sum of these configurations. On the other hand, the LS state is a
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so-called JT inactive state due to the unoccupied e, orbital [10]
so that its distortion appears to be static.

Superconducting quantum interference device measure-
ments were performed on a fine powder (m = 20.1 mg)
placed in a cellulose capsule. The susceptibility measurements
were recorded under 500 G in the range 2-300 K (ramp
up and down) and corrected for diamagnetic corrections
while the magnetization was recorded at various temperatures
in the range 0-7 T. Powder neutron diffraction was per-
formed on the G4.1 diffractometer (LLB-Orphée, A = 2.4226
A) between 1.7 and 60 K. The undeuterated sample was
placed in a cylindrical Vanadium sample holder. Inelastic
scattering experiments were performed on the 4F2 triple-axis
spectrometer at LLB-Orphée with a vertical field cryomagnet
(0-9 T). The sample was placed in an aluminium container
of 10 mm in diameter and 30 mm in height. The powder was
pressed by aluminium blocks. The hydrogen in the molecules
generates a relatively high incoherent flat background but also
induces significant phonon scattering. In the course of the
experiment we have used two configurations: ky = 1.2 Al
(high-resolution low-energy elastic line full width at half max-
imum (FWHM) equals 0.1 meV) and k; = 1.55 Al (high-
energy low-resolution elastic line FWHM equals 0.2 meV).
INS experiments were done for the most part either at 5 K (LS
S = 1state) orat 56 K (HS S = 2 state). The transition around
47 K was followed closely during warming.

III. RESULTS AND DISCUSSION

As shown in Fig. 1, we observe the sudden change of the
powder neutron-diffraction pattern between 46 and 48 K. The
sudden shift of Bragg peaks toward low-Q’s upon warming
indicates an increase of the lattice parameters and clearly
signals the occurrence of an abrupt ST from the LS to the
HS state. This shift and the fact that no line broadening
could be observed show that the transition is quasicomplete
(at least within the accuracy of neutron diffraction) and
compatible with a highly cooperative process. Figure 2 shows
the magnetic susceptibility, represented as x7 on cooling
and heating. At high temperature, x 7T reaches a plateau at
3.06 cm?® K/mol, in good agreement with the value x7T =
4Nu%S(S + 1)/3kg = 3 cm?® K/mol expected for a Mn**
S =2 HS state without orbital angular momentum [21]. At
T ~ 47+ 1 K we observe the abrupt ST toward the S =1
LS state and a rapid drop off to zero due to first-order SO
coupling [22]. Upon slow cooling or heating (0.1 K/min), the
x T curve is characterized by a small hysteresis width (see the
inset panel in Fig. 2) with Tyt y =47.5 K and Tst,, =46 K
in agreement with previously published data [6-8]. Note that
experiments under high magnetic field (up to ~23 T) evidenced
a slight decrease of the transition temperature (~1.5 K) [7].
A first attempt modeling x 7 in the LS state (0—45 K) with
a § = 1 Hamiltonian including a single-ion anisotropy term
DS? and a Zeeman term gives the following parameters:
D ~ 44 cm™' (5.4 meV) and g = 2.30. As discussed later
in the text, the D value will be adjusted based on the INS
data (represented as the dotted line in Fig. 2). In the HS state,
the susceptibility is almost constant down to Tgy and it is
thus hardly possible to extract all the microscopic parameters
(D, E, Landé factors) with confidence. The small downturn
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FIG. 2. (Color online) Top panel: Susceptibility curve repre-
sented as x7 as a function of temperature obtained at 0.05 T
during cooling and warming. Inset: Small hysteresis observed around
the transition at 7 ~ 47 K. Bottom panel: Magnetization curves at
different temperatures (2—60 K). In the LS state (7' < 45 K), xT(T)
and M (H ) have been fitted simultaneously (solid lines) using Eq. (1)
withS = land g = 2.12,¢g, =2.30,D =39.3 cm YandE =0,D
being fixed from the INS data (vide infra). In the HS state (T > 50 K),
the red line in the top panel is an attempt made to reproduce the
susceptibility using Eq. (1) with § =2 and g, = g, = g, = 2.00,
D =-573cm™',and |E| = 0.475 cm™!, D and E being also fixed
from the INS data. The magnetization curves (50 and 60 K) are
reproduced using a Brillouin function with S = 2 and g = 1.96.

behavior of xT between 50 and 100 K could be attributed
to anisotropic Landé factors and/or pretransitional effects
where few individual molecules start to alternate back and
forth between HS and LS, thereby lowering the resulting
magnetic moment, but no collective transition occurs yet (see
Her et al. [23] in support of this scenario). In Fig. 2 we show
an attempt to reproduce the susceptibility in the HS state using
Eq. () with S =2and g = gi—y.y, = 2.00, D = —5.73cm™!,
and |E| = 0.475 cm™' (D and E have been determined from
INS data as discussed later). The Landé factors have been
set to g = 2.00 from powder high-field EPR [17] but small
deviations (anisotropic g values) are bound to improve the
agreement. This procedure, however, will lead to a clear case
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FIG. 3. (Color online) Top panel: INS spectra of
[Mn?* (pyrol);(tren)] (ky =155 A-l, 4P2, LLB-Orphée, Saclay)
obtained at 5, 40, and 56 K and ¢ = 1.35 A~'. The INS transitions
are labeled A to E as discussed in the text. Bottom panel: Same set
of data but corrected for incoherent background and the population
factor n(w,T) to account for the contribution due to the phonons’
density of states (DOS) G(w) : Iphonons(@,T) ~ G(w)[1 + n(w,T)].

of overparametrization due to the very limited variation of
xT in the temperature range of relevance (7 > Tst). The
magnetization curves in the range 0-7 T are shown in the
bottom panel of Fig. 2. While the magnetization curves in the
HS state (50 and 60 K) follow a Brillouin function with § = 2
and g = 1.96 (close to the expectation value), the situation is
different in the LS state. M(H) is linear, even at 2 K, in the
entire magnetic-field range and reaches only 0.55u 5 /molecule
at 7 T, very far from the expected saturated magnetization for
S = 1 (2up/molecule). This typically signals the existence of
strong SO coupling and therefore magnetic anisotropy. Best
fits to the LS state data are presented in Fig. 2 using a model
inferred from the INS data discussed below.

The overall temperature dependence of the zero-field INS
spectra is shown in Fig. 3. There are five identified peaks
labeled A—E. We argue that the prominent peak C at 4.9 meV
is the only visible INS magnetic transition in the LS state,
while peak A is the only visible INS magnetic transition in
the HS state in the range 1-10 meV. This is asserted by the
temperature dependence after correction of the phonon density

104407-3



KARL RIDIER et al.

of state (Bose correction output shown in the bottom panel of
Fig. 3). Only peaks A and C depend on the spin state of the
Mn3* ion, suggesting that peaks B, D, and E are most likely
due to phonon modes. Indeed, the large and broad peaks D
and E, at 6.7 and 8.5 meV, respectively, are field independent
and they experience a measurable shift (=3-3.5%) due to
changes in Mn—N bond lengths and cell parameters across ST.
This is an expected feature of HS-LS transitions where longer
bond lengths lead naturally to a decrease of the phonon mode
energies. This has been suggested by density functional theory
calculation of the Raman spectra in Fe2* monomers [24]. The
HS state, which can only be observed at high temperature,
is more difficult to address in this configuration as most of
the action takes place below 3 meV. Only one broad peak,
labeled A, is visible, at 2.1-2.3 meV. To address more precisely
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FIG. 4. (Color online) (a) INS spectra of [Mn**(pyrol);(tren)]
obtained in the HS state (S = 2) at 56 K. Best fits to the data are rep-
resented as solid lines with flat background y, = 90 and a Lorentzian
elastic line shape centered at £ = 0. The resulting background is
represented by the black solid line. (b) Energy diagram derived from
the zero-field spin Hamiltonian H = DS? + E(S? — $?) with § =2
and D < 0. The best agreement is obtained for D = —0.711 meV and
|E| = 40.059 meV. Energy levels are E; =2D —2A (an almost
pure M = +£2 state for small rhombicity £ and lowest in energy
for D <0), E; =4D (“M = £2” as well), E3s =D —3E (M =
+1), Es=D+3E (M = =£1),and Es =2D +2A (“M =0"). In
these expressions we have A = (D? +3E?)!/2. The five observed
transitions are shown in the far right panel. The peak linewidths are
FWHM =~ 0.13 meV for peaks I-III and FWHM = 0.18 meV for
peaks IV and V.
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TABLE I. High-spin § =2 INS transitions and fit parameters
(energy and amplitude of the transitions) compared to calculations
using a § = 2 spin Hamiltonian [Eq. (1)]. INS peaks were fitted
simultaneously using Gaussian line shapes. Transition INS intensities
were calculated using MAGPACK [25] with D = —0.711(4) meV and
|E| = 40.059(2) meV. The last column shows the ratio between
experiment and calculation after normalization using transition IV as
a reference.

Acalc/Aexp
Transition E (meV) Acxp Acale (norm.)
1 0.355 40 0.115 1.26
11 0.548 112 0.348 1.16
11T 0.903 75 0.317 0.85
v 1.960 108 0.391 1.00
\" 2.315 81 0.305 0.96

this peak and eventual peaks at lower energies, we used a
higher-resolution setting (Fig. 4).

A. High-spin state 7 > 48 K

Figure 4 shows the spectrum at 56 K and ky = 1.2 A1,

after integration of g = 1.1- and 1.35-A~! data (we checked
that—as expected for isolated monomers—the INS transitions
are constant in energy as a function of ¢). Four transitions
can clearly be observed between 0.5 and 2.5 meV, labeled
IT to V. The solid line is a global fit, with the energy and
intensity parameters reported in Table I. The background
function consists of an elastic line and a flat background. The
peak widths are FWHM =~ 0.13 meV (for peaks I-III) and
FWHM = 0.18 meV (for peaks IV and V), in accordance with
a loss in resolution with increasing energy transfer. The peak
at 0.37 meV, labeled I, is merged into the elastic line and is
therefore difficult to simulate, but it is fully accounted for in
our simulations.

In our model, the HS °E (L = 0,5 = 2) ground state is
described using a spin-only Hamiltonian since no first-order
orbital moment is operative:

A = FIZFS+ﬁZe=DSZZ+E(S,%—S§)+§MB§'§7 (1

where D and E are the axial and rhombic terms of the zero-field
splitting (ZFS) and g is the Landé factor. The corresponding
energy levels for S = 2and D < 0 are schematically displayed
in Fig. 4(b). The nondiagonal E term introduces quantum
state mixing between spin states of quantum number M
separated by =2 (AM = +£2). Then, M = £2 states can mix
with M = 0, but not with M = %1, which only mix together
(entangled). E, and E; are very close in energy and will
be considered as degenerate in our analysis so that peaks
IV and V are actually each composed of two unresolved
peaks. E3 and E, are separated by 6|E|, independently of
D. Table I summarizes the main results: the INS transitions
(AM =0, £ 1) are all labeled and identified within the
model of Eq. (1). Best fits to the five INS peaks lead to
D = —0.711 £0.004 meV and |E| = 0.059 £ 0.002 meV
[solid line in Fig. 4(a)]. Energy positions and intensities are
accounted for with excellent overall agreement (less than
10 %) only limited by the large and increasing background
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FIG. 5. (Color online) (a) Field-dependence INS spectra in the
LS state measured at 5 K under 0-9-T magnetic fields (k; =
1.55 A~Y). Inset: A zoom around the magnetic peak (C) of energy
4.87 meV at zero field. (b) Temperature evolution of magnetic peak
(C)[5 and 40 K] at zero field and compared to HS signal at 56 K, with
k;=1.55 AL (c) Peak (C) raw intensity as a function of temperature
(40-56 K). (d) Raw intensity as a function of Q of peak (C) at 5 K
compared to the Mn>* magnetic form factor squared.

below 0.6 meV. These parameters are successfully used in the
calculation of the susceptibility data in the HS state (see Fig. 2)
even if some caution is required regarding the g values. The
zero-field INS data are in good agreement with the high-field
EPR data of Kimuraeral. [17]: D = —5.88 cm™! (0.729 meV)
and E = 40.50 cm™' (0.062 meV). The parameters obtained
from INS could then be used to determine the Landé factors
with greater accuracy from single-crystal EPR.

B. Low-spin state T < 48§ K

The INS data in the LS state at Q = 1.35 A~ ! are presented
in Fig. 5. First are the INS spectra at 5 K and for four
different magnetic field values (H = 0,3,6,and 9 T) in the
range 0—10 meV [Fig. 5(a)]. Clearly, peak C at 4.87 meV is
the only magnetic field dependent peak in this energy range
as it shows a shift toward higher energies accompanied by
a line broadening. In addition, this is the only peak which
disappears on crossing the LS-HS transition as shown in
Figs. 5(b) and 5(c). The width of peak C is ~0.45 meV (twice
the elastic resolution) as shown in Fig. 5(b). In addition, we

PHYSICAL REVIEW B 90, 104407 (2014)

find that the Q dependence of peak C intensity follows, at least
in the range Q = 1-3 A~!, the expected Mn** magnetic form
factor [see Fig. 5(d)]. All these observations demonstrate that
peak C corresponds to the only magnetic transition observed
in the LS state. The magnetization and susceptibility curves
(Fig. 2) in the LS state suggest anonmagnetic ground state with
a gap to the first excited state that matches remarkably well the
energy suggested by the 4.87-meV (39-cm™') magnetic peak.

The theoretical description of the LS 3T} state is more
complex than for the >E HS state due to the existence of an
unquenched first-order orbital moment L = 1. A § = 1 “spin-
only” Hamiltonian model is thus at first sight questionable
since the SO coupling must be considered as a first-order
perturbation on the 3T, state. In this framework, it is usual to
consider also the effect of an axial ligand field which breaks the
degeneracy of the orbital triplet °T} term into an orbital singlet
(*A,) and an orbital doublet CE). Its effect is introduced by
means of a parameter A, defined as the separation between
the A, and 3E levels, which is taken to be positive when
the orbital singlet lies lowest. These two contributions are
commonly treated in the same order in perturbation theory,
and the Hamiltonian acting on the 3T, state then becomes [26]

A" = Vg + Vso = A(L2 = 2) — kAL - 5, ©))

where A is the uniaxial distortion parameter, A ~
—180 cm™! [27] is the many-electron SO coupling constant
associated to T}, and « is the orbital reduction factor (close
to unity in most cases) which originates from the possible
covalency of the metal-ligand bonds. The resulting energy
levels, expressed as (J, = M) [26,28], are represented in
Fig. 6 as a function of the uniaxial distortion parameter A
with A = —180 cm™! and « = 1. According to this model,
the single magnetic transition observed at 4.87 meV between
the (J = 0,M; = 0) ground state and the first excited state
necessarily implies that the distortion parameter |A| must
be large compared to «|A|. Such an energy gap (represented
for convenience as arrows in Fig. 6) is achieved for either
A~ 4800 or —1100 cm™'. A large value of |A| is also
consistent with the strong trigonal compression evidenced by
diffraction data but its sign remains undetermined since the
INS transitions between ¥ (J = 0, M, = 0) and the potential
first excited states [W(J =1,M; =0) or V3(J = 1,M,; =
+1)] are both possible according to neutron selection rules.
However, the two cases (positive and negative A) lead to
radically different magnetic properties.

For large negative A, the orbital ground state is the
doublet *E (M, = #1). Due to SO coupling there are
four low-energy levels (see Fig. 6) whose associated states
are [in the W;(J,M;) notation] W,(0,0) = 1/+/2(]1,—1) +
|—1,1)), W,(1,0) = 1/v/2(]1,=1) — |=1,1)), ¥3(1, £ 1) =
| £ 1,0), and W4(2, &= 2) = | £ 1,£1). The energy gap § Ea <o
between the two lowest-lying state W, and W, is, for large
and negative A, §Ex_o ~ 2(kA)*/|A|. In the infinite case
(A/x > 1), ¥ and W, converge to the same energy and we
are left with three levels characterized by only one quantum
number M of values M; = 0, &+ 1, &+ 2 and equally separated
by «|A| [28]. In this situation, the first magnetic state (W3,
M ; = +£1) is separated from the ground state W; by an energy
AE > k|A| ~ 180 cm™!, a value which is too large to explain
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FIG. 6. (Color online) Magnetic states energy diagram in the
LS state (S=1, L =1) as a function of the trigonal distortion
parameter A with orbital reduction factor « = 1 and the SO coupling
parameter A = —180 cm™! (see text for details). The states are
labeled in the basis (J,M;) where J=1L+S. The three lowest
states in energy are, in this basis, £(0,0) = (1/2)[-(A/3) + kA —
VA F0)? +8(kh)?], E(1,0)=(A/3)+ kA, and E(1,+1)=
A/2)[—(A/3) — /A% + (2k1)?]. For A =0 the energy spectrum
consists of three levels—E(J =0) =2«xA, E(J =1)=«A, and
E(J =2) = —kA—whose degeneracy is partially lifted by the
axial distortion. Arrows represent the two possible A values for
which the energy of the first excitation matches the energy of
the observed magnetic peak (C) at 4.87 meV (39 cm™'), namely,
A ~ 4800 cm™' in one situation [first excited state equals E(1, £ 1)]
or A &~ —1100 cm™! in the other situation [first excited state equals
E(1,0)].

the temperature dependence of the susceptibility in the LS state
[see Fig. 2(a)]. Furthermore, Figgis ef al. showed in the case of
a ’T;(d*) state that a trigonal compression of the coordination
octahedron must lead to a positive value for A, rather than
a negative value [29,30]. The scenario A < 0 is thus very
unlikely in this compound.

For large positive A, the orbitally nondegenerate A, term
(M = 0) is the lowest and the first-order orbital angular
moment is thus quenched. In such a situation the two low-lying
energy levels (see Fig. 6) arising from “A, upon SO coupling
tend to be pure spin states with no orbital contribution: ¥(J =
0,M; =0)=10,0) and W(J = 1,M; = +£1) =10, £ 1) [31].
In this case, a 3d* ion in its LS configuration can be genuinely
described by a S = 1 spin-Hamiltonian subjected to a ZFS
whose associated D term is positive (easy plane) and traduces
the energy gap between the ground state |0,0) and the first
excited state |0, &= 1). The Hamiltonian defined in Eq. (1) with
S =1 and E = 0 (axial case) then applies to this particular
case also. This simple spin-only model is found to correctly
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account for both the susceptibility data (D ~ 44 cm™!, vide
supra) and the observed INS transitions (D &~ 39.3 cm™}),
strongly supporting the large positive A scenario. In this
case, the energy gap 6 E between the two lowest-lying states
is given in first approximation by §EA-¢ &~ (kA)*/A (see
Fig. 6). Taking ¥ ~ 1, A & —180 cm~! and considering the
experimental gap §Ea-o = D = 39.3 cm™!, we obtain A ~
+830 cm™! for [Mn?*(pyrol)3(tren)] in the LS state.

IV. CONCLUSION

We have reported inelastic neutron scattering (INS),
neutron powder diffraction, and magnetometry studies of
the thermal spin-transition (ST) mononuclear complex
[Mn3+(pyrol)3(tren)] across the transition temperature Tgp ~
47 K. A full spin-Hamiltonian model is proposed in both
high-spin (HS) and low-spin (LS) states based on these first
INS results obtained in a thermal ST molecular system. In
bothHS (S =2,T > Tst)and LS (S = 1, T < Tgr) states we
have determined the microscopic spin and orbital contributions
that drive the magnetic properties. In the HS state, the
observation of magnetic INS transitions between the zero-field
split S = 2 ground state enables us to derive the anisotropy
parameters (D = —5.73 cm™! and |E| = 0.475 cm™!) with
good accuracy. This result is compatible with a dynamic
JT effect that would be spatially averaged over the three
N;-Mn-N, distortion directions, thus leading to an effective
axial anisotropy direction along the C3 axis of the molecule. It
appears that single-crystal INS could be used advantageously
to probe the JT modes individually through phonon spec-
troscopy, provided large single crystals could be made. In
the LS state, the unquenched orbital moment yields a more
complex situation where the interplay of spin-orbit coupling
and trigonal compression leads to an effective S =1 spin
Hamiltonian split by a large positive single-ion anisotropy
(D =+439.3cm™"), in good agreement with both INS and
susceptibility data. If spectroscopic characterizations of the HS
state have been already reported in various Mn>* compounds,
the observation and modeling of the 3T} LS state using a
spectroscopic technique like INS have rarely been reported.
The strong and positive trigonal ligand-field parameter A
found in [Mn3*(pyrol);(tren)] in its LS state naturally leads
to highly anisotropic magnetic properties, but further studies
using polarized neutron diffraction will be most helpful to
deepen our understanding of this material.
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