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ABSTRACT: 

We present low temperature magnetometry measurements on a new Mn3 single-molecule 

magnet (SMM) in which the quantum tunneling of magnetization (QTM) displays clear 

evidence for quantum mechanical selection rules. A QTM resonance appearing only at 

high temperatures demonstrates tunneling between excited states with spin projections 

differing by a multiple of three. This is dictated by the C3 molecular symmetry, which 

forbids pure tunneling from the lowest metastable state. Transverse field resonances are 

understood by correctly orienting the Jahn-Teller axes of the individual manganese ions, 

and including transverse dipolar fields. These factors are likely to be important for QTM 

in all SMMs. 
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Observations of basic quantum phenomena in single-molecule magnets (SMMs) 

[1-12] and their potential for quantum information technologies [3] have resulted in a 

much better understanding of magnetization dynamics in nanoscale systems. In the 

bottom-up approach of supramolecular chemistry, the quantum properties of SMMs are 

dictated by molecular composition and configuration: molecular and crystallographic 

symmetries then play an essential role in the tunneling dynamics. An elegant example is 

provided by Berry phase interference between different tunneling trajectories, determined 

by anisotropy terms in the Hamiltonian directly imposed by molecular symmetry [7,10]. 

Crucially, symmetry also enforces spin selection rules in tunneling, only allowing 

transitions with a change of spin projection, |∆mS|, equal to the order of the spin ladder 

operators in the transverse anisotropy terms in the Hamiltonian (in zero transverse field). 

Thus, e.g., molecules with S4 symmetry (e.g. Mn12tBuAc; tetragonal crystal lattice), only 

allow |∆mS| = 4n, where n is an integer; and molecules with C3 (e.g. Mn3 [13-19]; trigonal 

lattice) or D2 (e.g. Fe8; triclinic lattice) symmetries only permit |∆mS| = 3n and 2n, 

respectively. Surprisingly, in all experimental studies on SMMs to date, QTM is found at 

all resonances, in spite of these selection rules (of which only subtle manifestations have 

been reported so far [7,20,21]). There are many possible reasons for this: (i) Intrinsic 

disorder (from solvent loss, ligand disorder or crystal defects) lowers the local symmetry, 

so that an applied longitudinal field induces a distribution of transverse magnetic field 

components [8-10], (ii) dynamic fields from nuclear spins [11], (iii) dipolar interactions 

[22], and (iv) internal transverse fields. Lacking so far is a clear-cut experimental 

demonstration of how molecular symmetry controls QTM, in which all these extraneous 

effects are either eliminated or accounted for. 
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In this Letter we present such a demonstration, using a high-quality crystal of a 

Mn3 complex. The crystalline quality is demonstrated by the unsurpassed sharpness of 

the X-ray diffraction and EPR absorption peaks [13,14]. We observe a sequence of very 

sharp QTM steps, with one resonance appearing only at high temperature. The high-T 

relaxation at this resonance comes from transitions involving excited states with 

|∆mS| = 3n, dictated by the C3 molecular symmetry (which forbids tunneling from the 

lowest metastable state). In addition, a rotation of the local zero-field-splitting (ZFS) 

tensors following the tilts of the Jahn-Teller axes of the MnIII ions, in combination with 

intermolecular dipolar interactions, accounts for the observed behavior in all QTM 

resonances, including transitions nominally forbidden by the molecular symmetry. 

We have studied the two complexes [NEt4]3[Mn3Zn2(salox)3O(N3)6Cl2] and 

[NEt4]3[Mn3Zn2(salox)3O(N3)6Br2], henceforth Mn3-Cl and Mn3-Br, respectively [13,14]. 

Their metallic cores contain a µ3-oxo-centered triangle of Mn3+ ions plus two capping 

Zn2+ ions above and below the Mn3 plane, giving a rigid trigonal bipyramidal structure.  

The diamagnetic Zn2+ ions and bulky [NEt4]
+ cations isolate the Mn3 core from 

intermolecular magnetic interactions, as evident from the absence of significant 

intermolecular contacts and the 10.30 Å minimum separation between MnIII ions in 

neighboring molecules. Both complexes crystallize in the trigonal space group R3c as 

equally-populated racemic mixtures of C3-symmetric chiral molecules (with opposite 

chiralities rotated by 27 degrees about the C3 axis with respect to each other). Neither 

structure contains solvate molecules, which is quite rare for SMMs and likely explains 

the extremely high resolution spectroscopic data (solvents evaporate easily, causing 

disorder [23]). Ferromagnetic exchange interactions between Mn3+ ions act via the central 
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µ3-oxo ion and the coordinating oxime, resulting in a molecular spin S = 6 ground state. 

These structural and crystallographic properties differentiate Mn3-Cl and Mn3-Br from 

other ferromagnetic Mn3 triangles, which all possess appreciable intermolecular 

interactions, low molecular symmetry, or co-crystallized solvate molecules [15-19]. We 

observe only subtle differences in the magnetic behavior of Mn3-Cl and Mn3-Br; in this 

letter we treat them as identical. 

Magnetic hysteresis measurements were carried out on sub-mm single crystals of 

Mn3-Cl and Mn3-Br, using a high-sensitivity micro-Hall effect magnetometer [24] in the 

temperature range 0.3-2.6 K. Plots for Mn3-Cl (Fig. 1) of dM/dH vs. the longitudinal field 

HL  (ie., along the molecular easy axis), at different T, show narrow peaks corresponding 

to the k = 0, 1, 2 and 3 QTM resonances at almost regular field intervals (∆H ~ 0.85 T). 

Resonance k = 1 (0.85 T) is invisible at low T; it appears only upon application of a 

transverse field (see Fig. 2), or above 1.5 K, when it appears suddenly at a lower field 

value (0.80 T). To our knowledge, this is the first time a QTM resonance within a series 

of resonances is found to be absent [21], while lower and higher resonances are observed. 

As we show below, this constitutes definite evidence of spin selection rules for QTM. 

The observed shift of all resonances to lower fields with increasing T indicates a 

transition from pure tunneling from the lowest spin level, to thermally activated tunneling 

between excited states [5]. That excited state resonances appear at lower field values 

indicates a 4th-order uniaxial anisotropy term in the Mn3 Hamiltonian (i.e. 0 0
4 4

ˆB O ), 

coming from a relatively weak exchange J between manganese ions (comparable to the 

single-ion ZFS interaction); the Hamiltonian is then [25]:  
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Here the first term represents the local magnetic anisotropy of the i-th ion, D
t

 being the 

ZFS (diagonal) tensor given by Dxx = e, Dyy = -e and Dzz = -d, with d and e the uniaxial 

and second order transverse anisotropy parameters, respectively. iR
t

 is the Euler matrix 

specifying the anisotropy axes of the three Mn ions in the molecule, defined by Euler 

rotation angles αi, βi and γi. The 2nd term is the Zeeman coupling to the applied field, and 

the last term is the exchange interaction. The positions of the QTM resonances in both the 

quantum and thermally activated regimes (Figs. 1-3) can be accurately parametrised by 

assuming si = 2, d = 4.2 K, e ~0.9 K, isotropic g = 2 and J = -4.88 K. The single-ion 

second order anisotropy (e) is needed to explain the observed QTM rates. Similar d and e 

values have been reported for MnIII ions elsewhere (eg. Ref. [26]). We also rotated the 

anisotropy axes for the three MnIII ions such that αi = 8.5o (with γi = 0), and β1 = 0, 

β2 = 120o and β3 = 240o, in order to account for the local tilts of the Jahn-Teller axes and 

to preserve the C3 rotation symmetry [13,14]. 

From the magnetization curve we extract the changes in M at the resonances, to 

get a rough estimate of the tunnel splittings at each resonance (Fig. 2). At resonance 

k = 1, the splitting (∆-6,+5 ~1×10-6 K) is substantially smaller than at resonances k = 0 

(∆-6,+6 ~7×10-6 K), k = 2 (∆-6,+4 ~1×10-5 K) and k = 3 (∆-6,+3 >1×10-5 K) [27]. We can 

observe the k = 1 resonance by decreasing the field sweep rate (not shown) or by 

applying a transverse field. The insets to Fig. 2 show the growth of the k = 1 peak (lower-

right) and the calculated QTM probability [28] at resonances k = 1 and k = 2 (upper-left) 

as a function of the transverse field magnitude. The curvature of the probability at k = 1 

near H = 0 indicates saturation, caused by intermolecular dipolar interactions, whose 

magnitude (~250 G) can be estimated from the peak width. 
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In zero transverse field, the C3 symmetry of the Mn3 complexes only allows 

tunneling between states with |∆mS| = 3n. The only resonances observable below the 

crossover temperature to the pure QTM regime should then be k = 0 (tunneling from 

mS = -6 to mS = +6, ∆mS = 12) and k = 3 (tunneling from mS = -6 to mS = +3, ∆mS = 9). 

Exact diagonalization of the Hamiltonian in Eqn. (1) (see Fig. 3) shows that the lowest 

levels involving the k = 1 and k = 2 resonances cross exactly, ie., tunneling is forbidden 

(red circles in Fig. 3), because the spin selection rules are not satisfied (thus, eg., 

∆mS = 11 for ground state QTM at k = 1 and ∆mS = 10 and 8 for the ground and first 

excited states at k = 2). This explains why resonance k = 1 only becomes visible at high 

temperatures in Fig. 1, since an excited state needs to be populated for QTM to take place 

(eg., the transition from mS = -5 to mS = +4, where ∆mS = 9). Consequently, the 

temperature dependence of resonance k = 1 constitutes firm evidence for the spin 

selection rules imposed on QTM in a SMM. 

In a finite transverse field, HT, the symmetry considerations are more subtle. One 

might also expect resonance k = 2 to be absent at low T for small HT. However this is not 

the case (see Fig. 3). This can be understood in terms of the tilting of the Jahn-Teller axes 

of the manganese ions within the molecule, as we see if we now exactly diagonalize the 

Hamiltonian in Eqn. (1) using the parameters given above [29] for two different cases: a) 

With the Jahn-Teller axes aligned along the z-axis, i.e. α = 0 (thin lines in Fig. 4); and, b) 

with each Jahn-Teller axes tilted away from the crystallographic z-axis (molecular easy-

axis), with the Euler angle α = 8.5o determined from X-ray crystallography data [13,14] 

(see thick lines and sketch in Fig. 4). In both cases, the tunnel splittings at resonances 

k = 1 and k = 2 vanish when HT = 0 (ie., ∆k=1 = ∆k=2 = 0) [30]. If the Jahn-Teller axes are 
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not tilted, large transverse fields (HT > 0.2 T) are required to bring the tunnel splittings up 

to the experimental magnitudes. However, tilting the Jahn-Teller axes by 8.5o radically 

alters the transverse field behavior of the ground-state splittings. The finite field splitting 

of the k = 0 and k = 3 resonances allowed by symmetry when HT = 0  [30], is mainly 

generated by the molecular anisotropy, and thus shows weak variation for moderate HT 

values. However for the “forbidden” k = 1 and k = 2 resonances, the transverse field is the 

only source of level mixing, and this mixing is strongly amplified by the Jahn-Teller tilts. 

This effect is particularly significant for resonance k = 2 (observed at the lowest T), for 

which a splitting ~ 10-5 K is achieved for HT  < 250 G, while the ground-state splitting at 

resonance k = 1 is ~100 times smaller for the same range of transverse field values. As 

shown above, intermolecular dipolar interactions can easily provide fields ~250 G strong 

enough to induce a tunnel splitting in the k = 2 resonance of the observed value. 

Meanwhile, their effect on the k = 1 resonance is nearly two orders of magnitude weaker, 

thereby explaining the absence of this QTM step in our studies of carefully aligned 

crystals (see Fig. 2). 

The present results demonstrate the remarkable influence of the molecular 

symmetry on the magnetic relaxation of molecular nanomagnets, and provide the first 

clear demonstration of spin selection rules on the QTM for a SMM. The observed 

behavior must be attributed to the extremely high crystalline quality of these complexes, 

enabling results that were previously impossible. Of special significance is the 

remarkable finding that a rotation of the ZFS tensors of the individual ions (in a manner 

consistent with the crystallographic symmetry) has a profound effect on the transverse 

field behavior of the tunnel splitting in resonances forbidden by the molecular symmetry. 
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A small Jahn-Teller axis tilt (8.5o) increases the tunnel splitting value for the k = 2 

resonance up to an observable level for transverse field magnitudes commonly provided 

by intermolecular dipolar interactions. The Jahn-Teller axes of individual ions are almost 

never parallel to each other in real structures and thus, according to our results, this 

combined with dipolar fields and/or disorder is likely the reason for the apparent absence 

of spin selection rules in previous studies of QTM in SMMs. 
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FIGURES: 

 

 

 

 

FIG. 1: (Color online) Field derivative of the magnetization curves obtained for a Mn3-Cl 

single crystal at different temperatures, with the field swept at 1 T/min along the easy 

axes of the molecules. 
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FIG. 2: (Color online) Magnetization versus longitudinal magnetic field recorded at 

0.3 K in a Mn3-Cl single crystal. The indicated tunnel splitting values are order of 

magnitude estimates from the change of magnetization at each resonance [27]. The insets 

show the increase of the QTM probability at resonances k = 1 and 2 (upper-left) and the 

dM/dH peak at resonance k = 1 (lower-right) upon application of a transverse magnetic 

field. 
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FIG. 3: (Color online) Energies of the Mn3 mS levels as a function of the longitudinal 

magnetic field. Symbols highlight level crossings between different spin states, indicating 

the degeneracies (red circles) and avoided crossings (blue squares) expected for the C3 

symmetry of the structures. Inset: field derivatives of the magnetization curves (dM/dHL) 

measured for a Mn3-Br single crystal at different temperatures. Low field sweep rates, 

0.05 T/min (data below 1.7 T) and 0.2 T/min (data above 1.7 T), where used to clearly 

observe and follow the evolution of resonance k = 1, which is absent for high sweep rates. 
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FIG. 4: (Color on-line) Ground state tunnel splittings associated with resonances k = 0 

(black squares), k = 1 (red circles), k = 2 (green triangles) and k = 3 (blue stars) as a 

function of the transverse field, HT, with the Jahn-Teller axes aligned along the z-axis 

(thin lines) and tilted α = 8.5o away from the z-axis (thick lines). A few symbols per curve 

have been added to help in their identification. The grey shaded region in the vicinity of 

zero transverse field represents the strength of the dipolar magnetic field (~250 G) felt by 

the Mn3 molecules within the single crystal. The horizontal lines within the grey region 

indicate the order of magnitude of the splitting values attained at resonances k = 1 and 

k = 2 for a transverse field of 250 G. 

 


