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Abstract 
Two molecular spin qubits are studied with pulsed Electron Paramagnetic Resonance (EPR) 

spectroscopy under electric fields to assess their magnetoelectric (ME) couplings and electric spin 

control. [Fe3O(PhCOO)6(py)3]ClO4⋅py (Fe3) is characterized by strong Dzyaloshinskii-Moriya 

interactions (DMI) which induce important magnetoanisotropy, whereas the DMI in 

[Cr3O(PhCOO)6(py)3]ClO4⋅0.5py (Cr3) is 1-2 orders of magnitude weaker. Fe3 is observed to 

demonstrate a clear ME effect whose intensity shows an unprecedented dependence on the molecular 

orientation within the electric field E (electroanisotropy) and on the relative orientations of the 

molecular z-axis, the Zeeman field B0 and E (magnetoelectric anisotropy). The electric control in Fe3 is 

shown to be coherent and the ME effect exhibits complex dynamics characterized by saturation and 

oscillatory effects. On the other hand, Cr3 exhibits no discernible ME effect, which correlates well with 

its negligible DMI. 

 
 
  



Introduction 
Recent years have seen a surge in the search for materials that combine electric and magnetic 

properties; these are classified as “multiferroic” when  they combine different types of electric and 

magnetic order and “magnetoelectric” when a coupling between their electric and magnetic properties 

allows the electric control of their magnetization and/or magnetic control of their polarization.1,2 This 

recent interest is fueled by their consideration, among others, as materials for new types of memories, 

or as electrically controlled spintronics elements, such as spin qubits. Regarding the latter aspect, 

electric control of magnetic quantum objects constitutes a key technological advantage, as it can lead to 

spatial and temporal resolutions unattainable by magnetic fields. 

Different types of ME materials have been identified, with different mechanisms active in each case. 

The hyperfine Stark effect is operative in 31P donor atoms in 28Si3 and in the molecular nanomagnet 

(MNM) [Tb(pc)2];4,5 zero-field splitting (zfs) induces ME couplings in ZnO:MnII implants,6 the 

molecular Cr7Mn ring7 and nickelocene;8 magnetic exchange modulation was shown to occur in a MnII-

radical helix under modulated E-fields9 and in the CuII
3-saltag frustrated triangle under pulsed E-fields.7  

Along these lines, we recently used continuous-wave EPR spectroscopy to demonstrate the ME 

coupling in the molecular spin triangle [Fe3O(PhCOO)6(py)3]ClO4⋅py (Fe3, Figure 1), using static 

electric fields of up to ~107 Vm-1 applied along the triangle plane.10 



 

Figure 1. POV-Ray plot of the cation of Fe3, showing the crystallographically imposed C3 axis (green 

arrow). The three iron atoms (orange) are equivalent due to symmetry. Color key: carbon (grey), 

nitrogen (blue), oxygen (red). The structure of the cation of Cr3 is visually indistinguishable and is not 

presented separately. 

 

We have been particularly interested in the ME coupling in spin triangles due to their proposed use 

as electrically controlled, slow-decoherence spin-chirality qubits. While MNMs have been considered 

as spin qubits for several years,11,12 a common stumbling block is their rapid decoherence. The 

strategies of isotopic engineering13 and of the use of nuclear, instead of electronic, spins (e.g. in 

[Tb(pc)2]14) have yielded impressive improvements. However, the former solution can be prohibitively 

costly, and also restrictive as certain elements lack stable non-magnetic isotopes (e.g. H, N, Cl); the 

latter has yielded phase memory times5,15,16 which are still significantly below the record of the 

isotopically-engineered (Ph4P-d20)2[V(C8S8)3].13 An innovative solution particularly adapted to MNMs 

with their large Hilbert spaces, proposes to assign the qubit’s logical values to an appropriate Hilbert 

subspace which would be insensitive to hyperfine interactions,17 thus embedding coherence protection 



in the qubit design. In particular, it was proposed to use spin triangles characterized by a chiral spin 

texture, and to encode the qubit states on the eigenvalues of their scalar spin chirality operator, thus 

ensuring protection from hyperfine-induced decoherence for B0||z.18,19 Moreover, due to their non-

centrosymmetric structures, the triangles’ spins were postulated to couple with external electric fields, 

thus allowing their direct electric manipulation, including their long-range coupling.20 This ME 

coupling hypothesis was confirmed by our single-crystal studies on Fe3
10 and by pulsed EPR studies on 

a CuII
3 triangle.7 However, whereas symmetry rules can generally predict when ME coupling is 

allowed, they cannot predict whether it will be sufficiently strong to actually be observable. Attempts 

have been made for the ab initio prediction of its strength,21 but experimental studies are still rare and 

not systematic. 

Here we investigate the factors that determine the strength of ME coupling in two molecular spin 

qubits we have previously studied,22 the magnetoelectric Fe3
10,23 and its CrIII

 analogue 

[Cr3O(PhCOO)6(py)3]ClO4⋅0.5py (Cr3)24, whose close structural and chemical features make them an 

ideal couple for this purpose. We discover coherent electric control of the magnetization and 

unprecedented features regarding the anisotropy and dynamic nature of the ME coupling. In addition, 

we propose a phenomenological identification of the factors that influence its strength. 

Experimental 
Complexes Fe3 and Cr3 were prepared as previously described.10,24 Experiments were carried out on 

fresh py-D5 solutions (2.3 mM), prepared by slight heating to accelerate dissolution and the exchange of 

axial py with py-d5. Pulsed X-band (9.75 GHz) EPR spectra were collected on the frozen solutions 

(4.40 K) on a Bruker ELEXSYS E580 spectrometer, fitted with an upgraded ESP1010 microwave 

bridge and a Bruker EN 4118X-MD4 pulse-ENDOR resonator. For low-temperature experiments the 

resonator was fitted in an Oxford CF935 dynamic continuous flow cryostat and the temperature was 

regulated with an Oxford Mercury iTC. Prior to experiments, the samples were routinely characterized 



by field-sweep echo-detected (FSED) spectra using the intensity of the Hahn echo (π/2–τ–π–τ–echo) 

under varying fields. 

Pulsed electric fields were applied by Ag wire electrodes (99.99%, Goodfellow), which were 

immersed vertically into the solutions, which were subsequently frozen. The electrodes were connected 

to an external power supply through a coaxial cable. The electric pulses were generated with a Direct 

Energy Inc. PVM-4210 dual output high voltage pulse generator, capable of generating up to 950 V 

pulses with less than 15 ns rise and fall times and at up to 20 kHz frequencies. The frequency of the 

electric pulses was defined by the Shot Repetition Time (SRT) of the experiment, which was 2 ms and 

corresponded to a 500 Hz frequency. Synchronization with the microwave pulses was achieved using 

the TTL signal from a spare port of the PDCH board of the SpecJet device in the ELEXSYS, which 

was fed to the trigger port of the high voltage power supply. The pulse patterns were routinely 

programmed in PulseSPEL syntax, specifically using the reserved port U1 to trigger the electrical 

pulses. 

Ac susceptibility experiments at 1111 Hz were carried out on a Quantum Design PPMS 

magnetometer using a 10 G oscillating field. Spin expectation values 〈Sk〉 (k = x, y, z) were calculated 

with Matlab with custom-made routines using functions from the Easyspin25 toolbox. 

 

Results 
The basic magnetic structure of spin triangles is characterized by an antiferromagnetic Heisenberg-

Dirac-van Vleck (HDvV, isotropic) exchange term characterized by an isosceles symmetry breaking 

(J12 = J13 = J, J23 = J’, J ≠ J’), and by a Dzyaloshinskii-Moriya (DM, antisymmetric) exchange term. 

The spin Hamiltonian that describes their magnetic properties, including their Zeeman interaction to a 

magnetic field, is written as: 

H = –2J(Ŝ1Ŝ2 + Ŝ1Ŝ3) – 2J'Ŝ2Ŝ3 – 2G(Ŝ1×Ŝ2 + Ŝ2×Ŝ3 + Ŝ3×Ŝ1) + μΒΗΣgiŜi   (1) 



where G is the pseudovector of the DM interaction. 

The former term lifts the degeneracy of the low-lying ST = 1/2 states by an energy Δ ∝ |J – J'|, in 

what is known as the “Magnetic Jahn-Teller Effect” (MJTE)26 and which has also been considered in a 

dynamic context of atomic vibrations.23,27–29 The latter term, apart from further increasing this energy, 

also induces an anisotropy of these states, most visible as a downfield shift of the g⊥ resonance in the 

EPR spectra of such complexes. 30–33 

 

Table 1. Spin Hamiltonian parameters and effective g values of Fe3 and Cr3, determined from solid-

state studies (references 23 and 24, respectively). The values of the parameters refer to the formalism of 

Hamiltonian (1). Effective g values in frozen pyridine solutions are taken from reference 22. 

Complex Jav (cm-1)a |ΔJ| (cm-1)b  |G| (cm-1) g||eff g⊥eff 

Fe3 -21.6 5-6 1.6-1.7 2.00 Powder: 1.3-1.0 (avg: 1.1) 

Solution:  1.9-1.65 

Cr3 -10.8 0.3 0.04 1.97 Powder: 1.98-1.5 (avg: 1.8) 

Solution: 1.98-1.95 

a(2J + J')/3. b|J – J'|. 

The basic experiment that was implemented in these studies was the Hahn echo, which consists of a 

π/2 and a π microwave pulse separated by a delay τ, giving rise to an echo at time 2τ (Figure 2a). 

According to the method of Mims,34,35 electric field pulses interjected in the sequence can induce an 

additional dephasing of the spin packets, which is visible as a decrease of the echo intensity. Mims 

implemented electric pulses only after the π pulse due to the long fall time of the voltage generator he 

used, but improvements in electronics have allowed modifications of the method and positioning of the 

electric pulse anywhere between the π/2 pulse and the echo.3 



In our studies we used two straight-wire electrodes to apply the electric field in the sample solution, 

which is well suited for solutions of molecular materials, despite the inhomogeneous electric field 

generated.7 Electrostatic simulations confirm that the net electric field has sufficient directionality for 

the detection of eventual electroanisotropies of these molecules, and that its strength is directly 

proportional to the applied voltage (see SI). 

In addition, due to the nature of the EPR experiment, by properly selecting the magnetic field 

strength these studies also allowed us to discriminate for particular molecular orientations with in 

relation to the magnetic field. In particular, for any given magnetic field strength, only molecular 

populations with specific orientations come into resonance, and it is these molecules which undergo 

coherent spin manipulation by the Hahn echo sequence. Thus, our method allows to discriminate for 

molecular orientations with respect to either field, and to detect eventual anisotropies. 
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Figure 2. Details of the experimental pulse sequences and geometry. (a)-(d). Pulse sequences used in 

this work, based on the standard Hahn echo. (e). Pictorial representation of the relative orientations of 

the molecular z-axis (green arrow), the Zeeman field (B0) and the electric field (vector-field plot slices) 

in the limiting cases of the experiments. It is to be noted that the electric field indexes (|| or ⊥) are in 

relation to B0 and not to the molecular z-axis. In the g|| cases, the molecular orientation is uniquely 

defined with respect to B0, and consequently it is also so uniquely defined with respect to E. Thus, for 

(g||,E||) we have E||z, and for (g||,E⊥) we have E⊥z. In the g⊥ cases, there are infinite equivalent 

orientations for which B0⊥z. Fortuitously, in the (g⊥,E||) case it holds that E⊥z for all of them, 

conserving their equivalence. However, in the (g⊥,E⊥) case (bottom left), each of these orientations has 

a different angle with respect to E, thus their equivalence is destroyed due to the presence of that 

second field. In the figure we show three such indicative orientations (horizontal, 45° and vertical) 

which are all normal to B0 and magnetically equivalent, but which exhibit different angles relative to E. 

 

Preliminary experiments were carried out on Fe3 at magnetic fields corresponding to its g|| value, 

with the electrodes oriented so that E||B0 (V|| = 950 V, |E||| ~ 2.9×105 Vm-1). The incremented electric 

pulses produced a clear suppression of the echo (~40% of its initial intensity after 3 μs), thus 

confirming the previously observed ME coupling. Interested in assessing the effect of the molecular 

orientation, we repeated the experiment at the g⊥ resonance (~411 mT), revealing several new 

phenomena (Figure 3). First, the decrease of the echo intensity was precipitous, being annihilated after 

a pulse of ~500 ns. Second, beyond that pulse duration, the echoes became negative, indicating that the 

effect was strong enough to induce a partial reversal of the average magnetization. Third, oscillations 

of the echo intensity were observed, superimposed to its quasi-exponential decay.  



 

          

Figure 3. 2D plots of the Hahn echoes of Fe3 (τ = 3 μs) as a function of the electric pulse duration, tE. 

(a), (b) Real and imaginary parts at the g|| resonance. (d), (e) Similar for the g⊥ resonance. Panels (c) 

and (f) show the integrated intensities of the real and imaginary parts for the two resonance positions. 

g|| g⊥ 

(a) (d) 

(b) (e) 

(c) (f) 



These observations were refined through a systematic experimental protocol: (i) Field-swept echo-

detected (FSED) spectra (τ = 3 μs) were collected by applying electric pulses immediately after the end 

of the initial π/2 pulse. (ii) After each FSED spectrum the pulse duration was incremented, so as to span 

the range 0 < tE < 2τ ( = 6 μs) for the entire sequence, i.e. reaching right up to the echo at its longest 

duration. As has been previously argued,7 recovery of the echo intensity at tE = 2τ demonstrates that the 

magnetizations are refocused when the electric pulse is applied over the defocusing and refocusing 

periods of the Hahn sequence, indicating a coherent electric manipulation of the spins. (iii) This set of 

scans was repeated for E⊥B0 (E⊥) and E||B0 (E||) by rotating the sample holder so that the electrodes 

assumed the required positions. This protocol ensured that the magnetoelectric effect could be 

measured for (a) all orientations of the molecules with respect to B0, ranging from z||B0 (g||) to z⊥B0 

(g⊥), and (b) for two distinct orientations with respect to E (E|| and E⊥), thus revealing any eventual 

magneto- and electroanisotropies. Figure 2 highlights the fact that in the special case of the g⊥ 

resonance, the E⊥ field produces an infinite number of angles with the molecular z-axis; in all other 

orientations this angle is unique. 

FSED spectra reveal a strong dependence, both on the electric pulse duration tE, and on the magnetic 

field value, i.e. on the molecular orientation with respect to B0 (Figure 4): at g|| the echo intensity 

decreases monotonically until tE = τ = 3 μs, and is fully recovered for tE = 2τ = 6 μs. At higher magnetic 

fields the loss of the echo intensity is more abrupt, as the molecular z-axis deviates from B0, with 

almost full suppression of the echo intensity at 367.5 mT for a 3 μs pulse. Further magnetic field 

increases produced negative oscillations, accompanied by oscillations near g⊥. It is quite noteworthy 

that for the FSED collected with tE = τ, the only surviving resonances are those at g|| and g⊥ with the 

latter having become negative. For tE > τ, the echo recoveries are fully symmetric, including the 

oscillatory patterns observed at g⊥. 



The effect was also shown to be sensitive to the relative orientation of E with respect to B0; in 

particular, the decrease of the integrated echo intensity was more rapid for E||
 and the oscillations at g⊥ 

exhibited different frequencies. 

 

 

Figure 4. FSED spectra of Fe3 (τ = 3 μs) implementing electric pulses after the π/2 pulse, with 

incremented durations tE = 0-6 μs. The FSED spectra are shown in 2D in panels (a) and (d) and 1D 

(center) representations in panels (b) and (e) for E⊥ (top) and E|| (bottom) electric fields. Panels (c) and 

(f) show sections of the 2D plots at selected magnetic fields. 

 

The g⊥ echo suppression, including its oscillatory behavior, was examined in greater detail for 

longer pulse durations (τ = 6 μs) and under four different electric field strengths at both electric field 

orientations (Figure 5). Fits to these data and Fourier-transform analyses revealed the presence of two 

oscillations whose frequencies increase linearly with the electric field strength (see SI). This conclusion 

E⊥ 

E|| 

(a) 

(d) 

(b) 

(c) 

(e) 
(f) 



is in perfect agreement with the coalescence of all curves to two families (for E|| and E⊥) when plotted 

to tE×V (Figure 5c), confirming that the effect is proportional to the electric field strength and that it is 

electroanisotropic. Linear fits to the f vs |E| curves allowed us to derive the E-field response of the 

oscillations (see SI), identified as the rates of frequency change ak = df/dEk (k = ||, ⊥). The derived a⊥/a|| 

ratios of ~1.6-2.1 indicate that the electroanisotropy of Fe3, is not limited to the degree of echo 

suppression, but extends to the oscillatory patterns at g⊥. We associate the appearance of two such 

frequencies to the electric field inhomogeneities imposed by the parallel-wire geometry. Indeed, 

superposition of the E|| FT spectra (Figure 5a, inset) with the histograms of |E| intensity distributions 

(Figure S1) reveals a remarkable similarity (Figure S3). This observation reinforces the E-field 

dependence of the oscillation frequencies, suggesting that use of flat electrodes should lead to the 

observation of a single frequency. 



 

Figure 5. (a), (b) Integrated Hahn echo intensities of the g⊥ resonance of Fe3, as a function of the 

electric pulse intensity and duration, for E|| (a) and E⊥ (b). The lines are fits to exponentially damped 

oscillations according to the model described in the text. The insets show the FT spectra of the 

oscillations for the various pulse intensities. (c) In-phase (real) and quadrature (imaginary) signals of 

the Hahn echo intensities plotted as a function of tE×V. The signals collapse into two families 

depending on the orientation of E. (d) Oscillation frequencies derived from the fits, plotted as a 

function of the average electric field intensity; the lines are linear fits. 

 

Similar experiments revealed a drastically different behavior for Cr3 (Figure 6); its echo (τ = 2 μs) 

showed a response only within the experimental error, even for tE = τ (8.9% suppression; ~0.4 standard 

deviations). Experiments with incremented electric pulses were similarly inconclusive, with any effect 

being less than one σ. FSED spectra were also collected under both electric field orientations. Although 



the much shorter T2 relaxation times of Cr3 considerably decreased the τ which would permit a 

reasonable S/N ratio for the FSED spectra (τ = 800 ns), and hence the maximum electric pulse duration 

(tE
max = τ), this should have been sufficient to reveal ME effects of similar intensity as those of Fe3. 

However, in all cases the FSED spectra with or without electric field pulses were practically 

superimposable, confirming the absence of a discernible magnetoelectric coupling. 

  

Figure 6. Effects of electric field pulses on the echo of Cr3. Left: For τ = 2 μs the effect is within the 

noise level. The inset shows the effect on the echo intensity for an incremented pulse. Right: FSED 

experiments spectra (τ = 800 ns) carried out at both orientations of the electric field (the black lines are 

reference spectra recorded without electric field pulses). The differences in the FSED spectra shapes 

are attributed to slight distortions of the B1 map caused by the rotation of the electrodes. 

 

These results also provide a validation of the experimental method. In particular, we considered the 

possibility that the magnetic fields created by the time-dependent electric fields are responsible for the 

observed effects. This was first addressed by experiments on TEMPOL (4-hydroxy-2,2,6,6-

tetramethylpiperidin-1-oxyl) which yielded no electric-field effects. More importantly, the negative 

results from Cr3 also attest to the fact that the observed effects on Fe3 are intrinsic to the sample and 

not experimental artifacts. 



Furthermore, we considered the possibility that the effect might be caused by such magnetic fields, 

affecting the two complexes differently due to their different relaxation characteristics. However, in the 

context of the Maxwell-Ampere law, magnetic fields created by time-dependent electric flux densities 

(displacement currents) can only be created during the rise and fall periods of our electric field pulses. 

These periods are identical throughout our experiments, irrespective of the pulse duration between 

them. Hence if they were indeed responsible for the effect, this should be operative even for the 

shortest pulses of our experiments. By focusing on Fe3 however, its response is a function of the pulse 

duration, and is minimal at the shortest pulse. This means that the magnetic fields produced during the 

rise and fall of the electric pulses have no discernible effect. It is the duration of the pulse, i.e. the 

duration of its constant part, that influences the experiment. At that period, when the electric field flux 

is constant, no such magnetic fields can be produced. Therefore, since the effect is a function of the 

pulse duration (i.e. its constant part), it can only be due to that part itself, i.e. the static electric field. 

Discussion 
These comparative studies provide evidence for a new mechanism giving rise to magnetoelectric 

coupling in MNMs. Mechanisms already known to be operative in MNMs include single-ion 

anisotropy, the hyperfine Stark effect and symmetric-exchange modulation, with a few theoretical 

models having been developed ad hoc,19,36,37 whereas extensive studies on non-molecular multiferroic 

materials (e.g. oxides) have detailed several such mechanisms.38 Relevant to our work, DMI has been 

proposed by Katsura, Nagaosa & Balatsky (KNB model) to produce a spin current which gives rise to 

electric polarization,39 whereas Sergienko and Dagotto considered that DMI are induced by atomic 

displacements of the bridging oxides (the so-called “inverse DMI”).40  

In the case of spin triangles Loss and coworkers have considered one mechanism involving 

transverse electric fields (Exy) which couple through the isotropic exchange couplings (Jij) through an 

exchange-striction model, and another involving axial electric fields (Ez) which couple to the scalar 



spin chirality (Cz) through spin-orbit interactions, which can actually be reduced to the DMI 

formalism;18,19 a quantitative theoretical prediction of the magnetoelectric coupling, considered only 

the former mechanism.21 Belinsky predicted a Stark effect on the spin doublets by the coupling of the 

vector spin chirality (κz) to an axial electric field (Ez),36 also implying a DMI mechanism. Our results 

show that the ME coupling is highly anisotropic and easily discernible in Fe3, but barely discernible in 

Cr3. This trend correlates very well with their DMI strengths, which are 40-50 times stronger in Fe3 

(~1.7-2.0 cm-1)23 than in Cr3 (~0.04 cm-1),24 and is in qualitative agreement with a semiclassical 

implementation of the KNB model (see SI). 

We also considered an “inverse DMI”,40 whereby the applied magnetic field is responsible for the 

development of DMI through structural distortions. We tend to discard such a mechanism based on 

zero-field magnetic susceptibility studies of Fe3 which evidence the presence of DMI in the absence of 

a magnetic field (Figure S4). Similarly, we considered a symmetric-exchange mechanism like in the 

case of CuII
3-saltag,7 entailing perfect frustration and nil DMI.41 However, this would be more 

compatible with Cr3 (|J – J'| = |ΔJ| ~ 0.3 cm-1; Gz ~ 0.04 cm-1)24 than with Fe3 (|ΔJ| ~ 5 cm-1; Gz ~ 1.7 

cm-1),23 meaning that it is not operative here (see SI for Hamiltonian definition). Therefore, we identify 

the role of DMI as the primary mechanism for the ME coupling in Fe3, which would explain its 

absence in Cr3. 

A preliminary interpretation of these observations was made assuming the development of spin-

induced electric polarisation according to the KNB model,39 which posits that intersite polarisations are 

Pij ∝ eij × (Ŝi × Ŝj), with eij being the unit vector connecting sites Mi and Mj. The KNB model does not 

calculate the proportionality coefficient that allows the derivation of the absolute size of Pij, which is 

calculated as a unitless quantity; this is sufficient for the purpose of our qualitative comparisons. By 

assuming that the spin of iron(III) ions (S = 5/2) is large enough to be treated semiclassically, we used 



the local spin vectors Si = (〈Ŝx〉,〈Ŝy〉,〈Ŝz〉) at the ground state α (〈Ŝk〉 = 〈α|Ŝk|α〉) to calculate intersite 

polarisations, and their sum P = P12 + P23 + P31. For these calculations we considered the spin 

Hamiltonian (1), in which we substituted the previously determined parameters shown in Table 1. 

These calculations (Figure 7 and SI videos) indicate that under the influence of DMI, and for less than 

equilateral magnetic symmetries, a spin-induced electric polarisation is predicted when there is a B0 

component within the triangle plane. Actually, the predicted P is maximum for B0⊥z, in line with the 

enhanced ME effect at g⊥. In that case, P lies on the triangle plane, and its direction is uniquely 

described by the relative Jij values. In turn, P departs from the triangle plane only when |B0y|⋅|B0z| ≠ 0, 

where B0y and B0z are the y- and z-components, respectively, of B0. Interestingly, these conclusions are 

in line with the observations that rotating magnetic fields can rotate the spin-current induced 

polarisation vectors in cycloidal magnets42 and helimagnets.43 Calculations of the norm of the total 

polarization vector P (blue vector in Figure 7) show that |P| vanishes when Gz = 0 or when ΔJ = 0 

(Figure S5) in line with the relative ME effects of Fe3 and Cr3. 

These simulations also allow us to proceed to a symmetry analysis of the electric field responses for 

the various orientations of electric and magnetic fields. Our model predicts that the strongest 

polarization |P| is generated by a magnetic field in the triangle plane (B0⊥z), i.e. for g⊥, which is in 

agreement with our experimental observations. In turn, we predict zero polarization for B0||z, i.e. for g||. 

While the ME effect at this orientation is finite, and not zero as predicted, it still is the weakest in our 

series of experiments. Thus, even if our model is not quantitatively accurate, it correctly predicts the 

observed trend. 

Regarding the orientation of the electric field, we observe that this couples to the spins when applied 

both along the triangle plane or normal to it. We recall that in the simple case of g⊥, P will be always 

in-plane (see Figure 7, Bx and By panels). If we assume that E acts upon the spins through a torque τ = 



P × E = |P|⋅|E|⋅sinθ on the spin-induced dipole moment, this becomes maximum when E⊥P, i.e. for an 

electric field normal to the triangle plane.  

Nevertheless, we stress that this is a tentative rationalisation as the problem is still open; there is still 

important debate as to the mechanism for magnetic-exchange induced polarisations and the validity of 

the KNB model,44 whereas toroidal moments can also explain the magnetic-field dependent electrical 

polarisations.45 These issues are beyond the scope of the current study. 

 

Figure 7. Top two rows. Different views of Fe3 showing the spin expectation value vectors on each 

metal site under a magnetic field B0||x (top row) and the spin-induced polarisations (middle row). The 

model assumes |J| > |J'|, Gz > 0. Bottom row. Induced polarisations for the same magnetic model under 

different B0 orientations. 

 

However, these conclusions can still have significant bearing on the question of the design of 

electrically controllable spin-triangle molecular spin qubits, as they outline possible predictive criteria 

for the development of magnetoelctric couplings. In particular, we note that for the development of 

spin-induced electrical polarizations, the simultaneous presence of a low magnetic symmetry and of 

DM interactions are required, assuming the KNB mechanism holds. A fully equilateral magnetic 



symmetry would quench the pairwise intersite polarizations, whereas in the absence of a DM term, 

individual spin vectors would not be misaligned so as to produce a non-zero external product. 

The key parameters that determine magnetoelectric couplings under this scheme, i.e. ΔJ and G, can 

be determined from combined magnetic susceptometry and EPR spectroscopy studies in a clear, albeit 

somewhat tedious, manner.23,24 Although the precise values of such parameters need to be determined 

from exact calculations, a useful heuristic is the downfield shift of the g⊥ resonance, which requires a 

non-zero |G| value, which means that when g⊥ ~ g|| a magnetoelectric coupling should not be expected 

(like in the case of Cr3). On the other hand, the ΔJ value is not so straightforward to assess since its 

effect tends to counter that of G: larger ΔJ values shift g⊥ toward g||, whereas small ΔJ values can shift 

it downfield, even beyond the maximum attainable magnetic field. 

These parameters can also be tailored through molecular design. E.g., properly chosen ligand blends 

can force a low molecular symmetry that will also be reflected on the magnetic one, as has been shown 

in copper(II),46 or iron(III)47–50 triangles, with the latter type stabilizing ST = 5/2 ground states in cases 

of extreme distortions.49,50 However, this criterion does not necessarily exclude high-symmetry 

structures. As a matter of fact, due to crystallographically imposed symmetry operations (a C3 axis 

through the central oxide and a σh mirror plane along the triangle plane), Fe3 is a highly symmetric 

(D3h) molecule in the solid state, in which it does exhibit a magnetoelectric coupling.10 Although these 

solid-state constraints are bound to relax in solution, Fe3 should remain highly symmetric. Thus, its 

pronounced ΔJ cannot be attributed to structural asymmetries, but rather to dynamic atomic vibrations 

as we have previously shown.23 Similarly, other high-symmetry complexes exhibit comparably 

favourable spin Hamiltonian parameters for the observation of a magnetoelectric coupling.51 

Extending this reasoning, we may draw conclusions regarding orbital structures that may promote 

the breaking of magnetic symmetries through atomic vibrations. We previously commented on the 



differences of exchange interactions in Fe3 and Cr3, which can be correlated to the different electronic 

structures of the constituent ions. In particular, we argued24 that octahedral CrIII is a d3 ion with a 

(t2g)3(eg)0 electronic configuration and empty 2 2 2d  and d
−z x y

 orbitals, while FeIII is a d5 ion with a 

(t2g)3(eg)2 electronic configuration, with those orbitals half-filled. Since the 2d
z

 orbital in this topology 

is the most effective in transmitting superexchange through the central oxide, the interactions between 

ferric ions are stronger. This reasoning can be extended to suggest a larger role of the central oxide in 

producing variations of the exchange couplings through its vibrations, hence larger ΔJ values. Thus, we 

could propose that metal ion coordination in which monatomic bridges are coordinated to half-filled 

metallic orbitals may induce a larger sensitivity to atomic vibrations, thus translating them to larger ΔJ. 

In fact, the low magnetic symmetries of the copper(II) complexes previously mentioned51 can be 

rationalized in this way, since the central monatomic bridge is coordinated through the magnetic 2 2d
x y−  

orbitals.  

As far as DM interactions are concerned, magnetostructural correlations and design criteria are less 

well developed; therefore, it is harder to predict which structures will exhibit strong DMI. E.g., 

complex Fe3-salox (salox– = salicylaldoximate) which bears striking structural similarities with Fe3 

exhibits practically nil DMI.52 However, based on the reasonable assumption that DMI strengths should 

vary roughly in proportion to those of HDvV interactions, it is a reasonable assumption that monatomic 

superexchange pathways should play a crucial role in the transmission of sufficiently strong DM 

interactions. Thus, systems lacking such pathways should not be as good candidates. We may also note 

a general trend of chromium(III) spin triangles to exhibit very low downfield shifts of their g⊥ 

resonance, indicative of weak DMI,24,53–56 which might make them less suited to exhibit strong 

magnetoelectric couplings. 



We now turn to the dynamic aspects of the ME effect in Fe3. According to the framework proposed 

by Mims,57 the decrease in echo intensity can be explained by a dephasing of the spin packets due to 

the electric pulse. An electric pulse of strength E produces a phase shift ΔφE = tΕΔωΕE = 2πtΕΔfΕE 

(where ΔωΕ and ΔfΕ are the shifts in angular frequency and frequency, respectively), which can be 

detected by its effects on the Hahn echo decay envelope. Indeed, based on that principle, we can 

explain the negative echos as the result of the strong ME coupling with some spin packets (Figure S6), 

though the quantitative characteristics of this process are not accounted for by existing theoretical 

models. Mims assumed that the phase shift is additive and accumulates over successive cycles as the 

electric pulse duration increases. Based on this assumption, he showed that for echo decay envelopes 

without (D(τ)) and with (DΕ(Ε,τ)) the influence of electric pulses tE = τ, the ratio R(E,τ) = DΕ(Ε,τ)/D(τ) 

is expressed as R(E,τ) = exp(i2πΔfΕτE), whose real part is cos(2πΔfΕτE). To assess this, we undertook 

Hahn echo decay studies for E|| and E⊥ with incremented electric pulse durations so that tE = τ, at 

several magnetic fields throughout the g|| - g⊥ range (Figure S7); in Figure 8 we show the limiting cases 

of R(τ) at the g|| and g⊥ resonances. The derived curves are characterized by a baseline which could be 

fitted to an arbitrarily chosen exponential decay (not shown here) and peaks corresponding to the 

minima of the echo decay envelopes due to ESEEM by the 2H nuclei of the deuterated pyridine. The 

non-periodic character of the R(τ) curves indicates that the phase shift in Fe3 is not simply additive, as 

proposed by Mims, but that the magnetization undergoes saturation. The decay is stronger as we move 

from g|| to g⊥, in agreement with the increased ME effect at those resonances. 



 

 

Figure 8. R(τ) ratios of Fe3 for two orientations of the electric field (ΔV = 950 V) with respect to B0 

and for the g|| and g⊥ resonances in each case. The peaks correspond to the minima of the echo 

envelopes due to the 2H modulations. The scheme at the bottom illustrates the pulse sequence (tE = τ). 

The full magnetic field variation, as well as the raw Hahn echo decay envelopes are shown in 

Supporting Information. 

 

Similar conclusions are reached by correlating these dephasing angles and frequencies to a putative 

time-invariant spin-electric coupling tensor Ã, such that ΔfE = 2πnÃE, where n is the molecular 

magnetic axis vector.7 Using these definitions and the data from Figure 3 and Figure 5, the calculated 

quantities ΔφE, ΔfΕ and Ak reveal important temporal dependencies, indicating additional dynamic 

effects. In particular, the asymptotic behavior of the calculated dephasing angle after long pulse 

durations indicates saturation effects (Figure S8). 

It should be noted that like in the case of nuclear-spin qubits, slow decoherence and facile control 

are contradictory requirements, since strong interactions with a certain field can introduce rapid 



decoherence due to noise introduced by fluctuations of that field. Indeed, even in the absence of 

significant hyperfine interactions, charge noise can seriously decrease the coherence times of spin 

qubits experiencing strong spin-electric couplings.58 Fe3 exhibits magnetoelectric couplings whose 

strength, like those of other MNMs,7 are typically considered insufficient for coherently driving their 

spins with a microwave E1 field from standard sources, but suitable for an implementation of the “A 

gate” proposed by Kane.59 Indeed, assuming that Mims’ framework holds for short pulses, we derive a 

dephasing frequency of ~0.8 MHz (|E| ~ 2.9×105 Vm-1), which is approximately proportional to the 

electric field strength (see SI); using break junctions which can deliver electric fields of ca. 5×108 Vm-

1,60 a ~1.4 GHz dephasing is possible for Fe3, making it a viable candidate for such use. 

However, spin-chirality qubits are not constrained to the microwave regime, as the transition 

frequencies are determined by the distance Δ of the two spin chiral states, which lies in the THz region 

for many transition-metal spin triangles (e.g. ~56 cm-1 for Fe3). Highly focused sources, such as THz 

pulsed lasers, can impose oscillating electric fields with E1 amplitudes close to 1010 Vm-1,61 i.e. orders 

of magnitude larger than those accessible by conventional microwave sources and break junctions. In 

principle, these could take advantage of even moderate ME couplings to coherently drive their spins, 

while the qubit would remain protected from charge noise. 

In conclusion, using pulsed EPR spectroscopy we have discovered a clear ME coupling in the Fe3 

MNM, which is characterized by unprecedented multiple anisotropies, a unique electric magnetization 

reversal and new dynamic phenomena not predicted by existing models. Moreover, we establish the 

importance of DMI and magnetic asymmetries in molecular ME materials, and we propose a 

semiclassical implementation of the KNB model for the first time in such materials.  
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