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The Verwey transition in magnetite (Fe3O4) is the first metal–
insulator transition ever observed1 and involves a concomi-
tant structural rearrangement and charge–orbital ordering. 
Owing to the complex interplay of these intertwined degrees 
of freedom, a complete characterization of the low-temper-
ature phase of magnetite and the mechanism driving the 
transition have long remained elusive. It was demonstrated 
in recent years that the fundamental building blocks of the 
charge-ordered structure are three-site small polarons called 
trimerons2. However, electronic collective modes of this 
trimeron order have not been detected to date, and thus an 
understanding of the dynamics of the Verwey transition from 
an electronic point of view is still lacking. Here, we discover 
spectroscopic signatures of the low-energy electronic excita-
tions of the trimeron network using terahertz light. By driv-
ing these modes coherently with an ultrashort laser pulse, we 
reveal their critical softening and hence demonstrate their 
direct involvement in the Verwey transition. These findings 
shed new light on the cooperative mechanism at the origin of 
magnetite’s exotic ground state.

Along with his groundbreaking discovery in 1939, Verwey 
postulated the emergence of a charge ordering of Fe2+ and Fe3+ 
ions as the mechanism driving the dramatic conductivity drop at 
TV ≈ 125 K (ref. 1). A vast number of subsequent experimental and 
theoretical investigations, including those by Anderson3, Mott4 and 
many others, have stimulated a still unresolved debate over a com-
plete description of the Verwey transition5,6. In particular, several 
seemingly incompatible findings related to the intricate low-tem-
perature phase of magnetite have been reported: the crucial role of 
Coulomb repulsion7, the necessity of including electron–phonon 
coupling4,8,9, small charge disproportionation7,10,11, anomalous pho-
non broadening with the absence of a softening towards TV (ref. 12) 
and the observation of structural fluctuations that are connected to 
the Fermi surface nesting13 and that persist up to the Curie transi-
tion temperature (TC ≈ 850 K)14.

The last decade witnessed significant progress in understanding 
the Verwey transition from a structural point of view. Most notably, 
a refinement of the low-temperature charge-ordered structure as a 
network of three-site small polarons, termed trimerons, was given 
by X-ray diffraction2 (Fig. 1a). A trimeron consists of a linear unit 
of three Fe sites accompanied by distortions of the two outer Fe3+ 

ions towards the central Fe2+ ion. An orbital ordering of coplanar t2g 
orbitals is also established on each ion within the trimeron (Fig. 1b). 
This picture of the trimeron order has been crucial for determin-
ing the correct noncentrosymmetric Cc space group of magnetite 
and explaining its spontaneous charge-driven ferroelectric polar-
ization2,6,15. Nevertheless, despite extensive research, no soft modes 
of the trimeron order have been detected to date. Unveiling novel 
types of collective modes in the low-temperature phase of magne-
tite and their critical softening would significantly shape our under-
standing of the long-sought cooperative phenomenon at the origin 
of the Verwey transition.

Here, we use time-domain terahertz spectroscopy (Fig. 1c) to 
reveal the electronic modes of the trimeron order. Their signature is 
imprinted on the equilibrium optical conductivity of the material in 
an energy–temperature range previously unexplored. We establish 
their involvement in the Verwey transition by driving them coher-
ently with an ultrashort near-infrared laser pulse and mapping their 
softening with a delayed terahertz probe. We propose a model of 
coherent polaron tunnelling to describe the nature of these trim-
eron excitations.

Figure 2a shows the real part of the low-energy optical conduc-
tivity (σ1) measured in equilibrium on a magnetite single crystal. 
Slightly below TV, the spectrum displays a broad, featureless con-
tinuum (red curve), which previous studies attributed to a power-
law behaviour expected in the presence of charge hopping between 
polaronic states16. As the temperature is lowered well below TV to 
a hitherto unexplored regime (pink and blue curves), the contin-
uum in the optical conductivity is suppressed and two Lorentzian 
lineshapes clearly emerge. These excitations slightly harden with 
decreasing temperature and are centred around 1.5 and 4.2 meV 
at 7 K. Since they appear below the charge gap for single-particle 
excitations17, it is natural to ascribe them to distinct low-energy 
collective modes at the Brillouin zone centre. Intriguingly, these 
excitations have never been observed in any previous study on mag-
netite16,18–22. Thus, it is pivotal to identify their origin and clarify 
their potential involvement in the Verwey transition.

We make use of advanced density functional theory (DFT) 
calculations of the phonon dispersion curves in the low-tempera-
ture Cc symmetry of magnetite to compare the energy of the two 
observed excitations with that of long-wavelength lattice modes 
(see Methods and Extended Data Fig. 1a). The lowest-lying optical 
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phonons at the Γ point of the Brillouin zone have symmetries A0

I
 

and A″ and correspond to the folded Δ5 mode of the cubic phase. 
As shown in Extended Data Fig. 1a, their energy of 8 meV is in 
excellent agreement with inelastic neutron19,23 and X-ray12 scat-
tering data. Therefore, the low-energy modes in our experiment 
cannot be assigned to phonons. Similarly, the magnon dispersion 
curves measured by inelastic neutron scattering do not show any 

long-wavelength spin waves with energies in our spectral range18. 
Since ferrimagnetism in magnetite is quite robust (with TC ≈ 850 K), 
these excitations would be expected to persist at high temperature16. 
Thus, after ruling out these scenarios of conventional types of col-
lective modes (see Supplementary Note 1 for additional details), the 
only remaining possibility is that the detected modes are collective 
excitations of the trimeron order.

We now clarify whether these collective modes play a key role in 
the Verwey transition by unravelling their critical behaviour. This 
is a challenging task to accomplish under equilibrium conditions, 
as the broad conductivity continuum seen in Fig. 2a obscures any 
spectroscopic signatures of the collective modes at temperatures 
proximate to TV. It is thus unclear whether the modes persist as 
strongly damped Lorentzians buried under this continuum and 
how their peak energies change with temperature. To overcome 
this experimental difficulty, we illuminate our magnetite crystal 
with an ultrashort near-infrared laser pulse and drive its collec-
tive modes coherently24. We vary the laser fluence absorbed by our 
sample, exploring a regime that allows us to transiently increase the 
lattice temperature but not completely melt the trimeron order25,26 
(see Supplementary Note 4). We then monitor the fingerprint of the 
coherently excited collective modes on the low-energy electrody-
namics of the system.

Figure 2b shows the pump-induced change in the terahertz 
electric field (ΔE) through the sample over a range of absorbed 
fluences. As a function of pump–probe delay, we observe promi-
nent oscillations that are signatures of collective modes coherently 
evolving in time. On closer examination, these oscillations cannot 
be described by a single frequency, but rather by two frequencies, 
which indicates the presence of two distinct coherent excitations 
(see Supplementary Note 5B). Fitting the time-domain traces to 
the simplest model (consisting of two damped sine waves) reveals 
that at the lowest fluence the modes have energies very close to 
those present in the equilibrium conductivity at 7 K and therefore 
are the same excitations. Slight deviations in their energies relative 
to equilibrium possibly occur due to the non-thermal action of the 
pump pulse during photoexcitation. Their simultaneous presence 
in the frequency domain (as dipole-allowed modes) and in the time 
domain (as Raman-active modes) is naturally explained by the 
breakdown of the selection rules for infrared and Raman activity in 
the noncentrosymmetric Cc crystal structure of magnetite2. The two 
modes display a significant dependence on pump fluence. In partic-
ular, their energies soften dramatically towards the critical fluence 
(FC) identified in previous studies25,26 (Fig. 2c). This behaviour strik-
ingly establishes their active involvement in the Verwey transition. 
In addition, the mode amplitudes first rise linearly until ~1 mJ cm−2 
and then dramatically drop in the proximity of FC (Fig. 2d),  
confirming the scenario of an impulsive Raman generation mecha-
nism24 that gets destabilized at higher fluences when the Verwey 
transition is approached due to transient lattice heating27,28.

Finally, we establish whether the newly discovered collective exci-
tations mutually interact. This is achieved by resolving the spectral 
region of the low-energy conductivity in which each coherent mode 
resonates. Figure 3a shows the spectro-temporal evolution of the 
differential optical conductivity (Δσ1) following photoexcitation. 
We observe the emergence of two broad features centred around 2 
and 3 meV, which indicate how the lineshapes of the two modes in 
equilibrium are modified by the presence of the pump pulse. The 
shape and sign of the differential signal suggests that the main effect 
of this modulation is a broadening of the equilibrium Lorentzian 
lineshapes together with their amplitude change, although the exact 
form of the change is difficult to determine owing to the complexity 
of this material system. We then select a temporal trace at a repre-
sentative terahertz photon energy (Fig. 3b) and perform a Fourier 
transform analysis (Fig. 3c). This yields the frequencies of the two 
collective modes expected from Fig. 2a–c. Iterating this procedure 
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Fig. 1 | The trimeron order in magnetite and the experimental 
methodology. a, The low-temperature charge-ordered structure of 
magnetite as a network of trimerons, small polarons that extend over 
three linear Fe sites. The purple and black spheres represent Fe3+ and Fe2+ 
ions, respectively. b, Each trimeron consists of two outer Fe3+ ions and one 
central Fe2+ ion (the arrows depict distortions of the lattice). This charge 
ordering is accompanied by an ordering of coplanar t2g orbitals on each 
Fe site within the trimeron. The surrounding oxygen ions are shown in 
red, and the grey spheres represent Fe sites that do not participate in the 
trimeron. c, A schematic of the experimental set-up. Time-domain terahertz 
spectroscopy in a transmission geometry is used to determine the low-
energy optical conductivity of the sample in equilibrium (without the pump 
beam). To examine its dynamics, an ultrashort near-infrared (1.55 eV) pump 
pulse sets the system out of equilibrium and a weak, delayed terahertz 
probe pulse measures the pump-induced change in the optical conductivity. 
d, A schematic depicting the trimeron sliding motion resulting from the 
coherent polaron tunnelling between an Fe2+ site and a neighbouring Fe3+ 
site. Figure adapted with permission from: a,b, ref. 2, Springer Nature Ltd.
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at all terahertz photon energies (Fig. 3d) reveals that the entire spec-
trum is modulated by both coherent electronic modes, demonstrat-
ing that these two modes are coupled to one another.

To rationalize the behaviour of these coherent collective modes 
after photoexcitation, we develop the simplest time-dependent 
Ginzburg–Landau (GL) model compatible with the symmetries of 
the system. In our calculations, we consider electronic collective 
mode fluctuations described by a complex order parameter ψ = ∣ψ∣eiφ. 
In the GL potential F = F[ψ], we include a nonlinear term arising 
from electronic interactions, a linear coupling term between the  
real and imaginary parts of ψ responsible for inversion symmetry  

breaking and a pinning potential arising from impurity effects. 
The non-equilibrium action of the pump pulse on the mode fluc-
tuations is introduced through a coupling to the intensity of the 
pump electric field. The full dynamics of the system are described 
by equations of motion that include phenomenological relaxation 
and inertial terms for both ∣ψ∣ and φ (see Methods). Despite its sim-
plicity, our model captures the salient features of our experimental 
data. Specifically, the energies of both ∣ψ∣ and φ soften towards FC 
(Fig. 4a) and the oscillation amplitudes of the modes rise linearly 
with increasing fluence before experiencing a dramatic quench in 
the proximity of FC (Fig. 4b). Furthermore, there is a crossing of 
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Fig. 2 | Observation of low-energy electronic collective modes and their critical softening. a, The real part of the equilibrium optical conductivity (σ1) 
of magnetite in the terahertz region. The spectrum near TV (red curve) exhibits a broad, featureless continuum that rises with a power-law behaviour, in 
accordance with a previous report16. Lowering the temperature reveals two Lorentzian lineshapes (pink and blue curves) that are due to collective modes. 
b, The pump-induced change in the terahertz electric field (ΔE) transmitted through the sample at 7 K following photoexcitation with a near-infrared 
(1.55 eV) pump pulse at various absorbed fluences. The traces are offset vertically for clarity. Each curve was fitted to two damped sine waves and the fits 
in the time domain are displayed as dashed black lines. c, The energy of each oscillation extracted from the fits as a function of fluence. At low fluence, 
the energies are close to those in a at 7 K, so the oscillations correspond to the same collective modes present in equilibrium. Both energies soften with 
increasing fluence, demonstrating their involvement in the Verwey transition. d, The amplitude of each mode versus fluence. The inset shows the linear 
rise of the amplitudes in the low-fluence regime, which is compatible with an impulsive Raman excitation process. The shaded bars in c and d indicate the 
critical fluence for melting the trimeron order as reported in refs. 25,26. The error bars in c and d represent the 95% confidence interval for the corresponding 
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the amplitudes of the modes around 0.5FC, which is also present 
in the experimental data (see Fig. 2d). The resulting time depen-
dences of ∣ψ∣ and φ are plotted in Fig. 4c,d, respectively, for several 
fluence values. While our model successfully reproduces the quali-
tative behaviour of the experimentally observed dynamics, some 
quantitative mismatch is still present. In particular, deviation from 
the observed quasi-mean-field behaviour of the mode energies in 
Fig. 2c is due to the exact energy-fluence functional form used to 
describe the thermodynamic properties of the material.

Our results are rather surprising given the current understand-
ing of magnetite’s low-temperature phase. Since in this material 
the charge order is commensurate with the lattice and the Verwey 
transition is thought to be of an order–disorder type on the basis 
of the observation of overdamped (that is, diffusive) modes13,21,29,30, 
the detection of underdamped (and therefore propagating) soft 
electronic modes is unexpected. This apparent contradiction can be 
reconciled by recalling that the trimeron order in magnetite leads 
to the development of a spontaneous ferroelectric polarization2,6,15. 
The ferroelectric instability is of the electronic (improper) type and 
involves charges that are weakly bound to the underlying lattice6. 
Low-energy modes can naturally emerge as collective fluctuations 
of charges within the trimeron network on top of the robust com-
mensurate charge order. Although our observed modes seem remi-
niscent of the electronic component of amplitudons and phasons in 
conventional charge-density wave systems, such a simplified picture 
is not expected to capture the complexity of the trimeron order in 
magnetite. Here, we propose that these excitations can be described 
by oscillations of the trimeron network using a model of coherent 
polaron tunnelling. In our calculations, we consider a quantum tun-
nelling process involving self-trapped carriers on the central Fe2+ 
sites of the trimerons and we compute the potential energy barrier 
for their coherent hopping to outer Fe3+ sites using DFT15. By esti-
mating the bonding–antibonding splitting arising from the super-
position of the two states created by tunnelling through the barrier, 
we find that its energy lies around 5 meV (that is, within the moni-
tored terahertz range; see Supplementary Note 1D). As shown sche-
matically in Fig. 1d, this coherent polaron oscillation corresponds 
to a sliding mode of the trimeron along its long axis. In analogy 
with nematicity, such motion is expected to create a smaller distur-
bance of the trimeron order compared to other alternatives such 
as the rotation of the t2g orbital participating in the trimeron (see 
Supplementary Note 1C for a DFT analysis of a scenario involving 
this type of orbiton). While at low temperature this energy splitting  

is robust and allows for coherent tunnelling, as the temperature 
increases the polaron motion becomes overdamped, broadening 
the levels and reducing their relative splitting. As a result, the excita-
tions soften with increasing temperature towards TV and are no lon-
ger supported in the absence of the trimeron order. We believe that 
only the development of advanced theoretical models will contrib-
ute to the identification of the real-space charge distribution char-
acterizing these collective fluctuations. Indeed, their extremely low 
energy and small atomic displacements hinder their investigation 
with other steady-state20,22 and time-resolved25,31,32 probes of charge/
structural dynamics (see Supplementary Note 2). In contrast, our 
optical pump–terahertz probe approach enables the detection of 
these low-energy coherent modes with unprecedented sensitivity.

The current study highlights the strength of ultrafast terahertz 
probes in uncovering the soft character of electronic collective 
modes associated with an intricate order, in line with recent experi-
ments on the Higgs and Leggett modes in superconductors33,34. 
Beyond these results, we envision using strong terahertz fields35 to 
resonantly drive the modes of the trimeron order in magnetite and 
similar charge-ordered compounds, enabling the coherent control 
of electronic ferroelectricity.
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Methods
Single-crystal growth and characterization. A single crystal of synthetic 
magnetite oriented in the (111) direction with a thickness of 0.5 mm was used  
in all experiments. The crystal was grown using the skull melting technique  
from 99.999% purity Fe2O3. Afterwards, the crystal was annealed under a  
CO/CO2 gas mixture to establish the appropriate iron/oxygen ratio. The quality 
and stoichiometry of the sample was characterized by measuring the a.c. magnetic 
susceptibility to determine the value of TV. Supplementary Fig. 1 shows the real 
part of the a.c. magnetic susceptibility χ0

I
 as a function of temperature from 117 K 

to 126 K. The sudden decrease in χ0
I

 around 123 K indicates that TV ≈ 123 K for this 
sample. This drop in the susceptibility results from microtwinning of the crystal 
when it undergoes its structural transition from cubic to monoclinic at TV. In the 
low-temperature monoclinic phase, the ferroelastic domains constrain the motion 
of magnetic domain walls due to a higher cost in elastic energy. Consequently, the 
value of χ0

I
 should be lower in the monoclinic phase compared to the cubic  

phase36. The temperature at which χ0
I

 exhibits this discontinuity therefore 
corresponds to TV.

Time-domain and ultrafast terahertz spectroscopy. A Ti:sapphire regenerative 
amplifier system with 100-fs pulses at a photon energy of 1.55 eV and a repetition 
rate of 5 kHz was used to generate terahertz pulses via optical rectification in a 
ZnTe crystal. The terahertz signal transmitted through the sample was detected 
by electro-optic sampling in a second ZnTe crystal with a 1.55-eV gate pulse. 
The frequency-dependent complex transmission coefficient was determined by 
comparing the measured terahertz electric field through the magnetite crystal 
to that through a reference aperture of the same size, and the complex optical 
parameters were then extracted numerically37.

For the ultrafast terahertz measurements, the output of the laser was split into 
a 1.55-eV pump beam and a terahertz probe beam, with the terahertz generation 
and detection scheme described above. The time delay between the pump and the 
probe and the time delay between the terahertz probe and the gate pulse could be 
varied independently. To measure the spectrally integrated response, the terahertz 
time was fixed at the peak of the terahertz waveform and the pump–probe delay 
was scanned. The spectrally resolved measurements were obtained by scanning 
both the terahertz time and the pump–probe delay time.

DFT calculations. The crystal and electronic structures of the material were 
optimized using the projector augmented-wave method38 within the generalized 
gradient approximation39 implemented in the VASP program40. The full relaxation 
of lattice parameters and atomic positions was performed in the crystallographic 
cell of the Cc structure containing 224 atoms. The strong electron interactions 
in the Fe(3d) states have been included within the local density approximation 
LDA + U method41 with the Coulomb interaction parameter U = 4.0 eV and the 
Hund’s exchange J = 0.8 eV. The phonon dispersion curves were obtained using 
the direct method42 implemented in the PHONON software43. The Hellmann–
Feynman forces were calculated by displacing all 56 non-equivalent atoms from 
their equilibrium positions along the positive and negative x, y and z directions, 
and the force-constant matrix elements were obtained. The phonon dispersions 
along the high-symmetry directions in the first Brillouin zone were calculated 
by the diagonalization of the dynamical matrix. In the Cc structure, there are 336 
phonon modes at each wavevector. As discussed in the main text, Extended Data 
Fig. 1a shows the calculated phonon dispersion curves in the low-energy range up 
to 20 meV. Extended Data Fig. 1b displays the calculated partial phonon density of 
states projected on the Fe sites (black curve), which agrees well with experimental 
data taken from ref. 44 (red curve).

Time-dependent GL calculations. We constructed the simplest GL potential that 
captures phenomenologically the physics of the charge order in magnetite and is 
compatible with the symmetries of the system (see Supplementary Note 6). We 
defined the complex order parameter as ψ = ∣ψ∣eiφ, which is related to the real-
space charge-density wave by δρðrÞ ¼ Refψeiqrg

I
, where the wavevector could 

correspond to any linear combination of all the symmetry-allowed wavevectors. 
We modelled the transition as weakly first order, with a GL potential given by

F½jψ j;φ ¼ a
2
jψ j2 þ b

4
jψ j4 þ d

2
jψ j2 sinφþ g

2
cosφþ Fl ð1Þ

where a(T) = −A(TV − T) and g(T) = −G(TV − T) are functions of temperature 
and b > 0 for stability. A non-zero amplitude–phase interaction term d is allowed 
due to the lack of inversion symmetry in the low-temperature phase. The fourth 
term, proportional to the coefficient g, corresponds to a phenomenological 
‘restoring force’ that could arise from a pinning potential originating in short-
range impurities45–48. This term could also emerge from a linear coupling with 
phonon modes belonging to the same irreducible representation as the charge 
modulation, where the proportionality constant g would be a function of the 
electron–phonon coupling constant49,50. Finally, the coupling to the laser field 
was given by Fl = E(t)2(ηψ∣ψ∣2 + ηφφ2), where ηψ and ηφ are coupling constants. The 
pump electric field E(t) was modelled as EðtÞ2 ¼ 2F=ðcϵ0TpÞδTp ðtÞTp

I
, where F

I
 

is the absorbed pump laser fluence, c is the speed of light, 𝜖0 is the permittivity of 

free space, Tp ≈ 0.1 ps is the pump pulse duration and δTp ðtÞ
I

 is a broadened delta 
function. The functional form used for the coupling to the laser field was chosen 
to mimic the force acting on the collective modes within the impulsive stimulated 
Raman scattering framework24.

Below TV, ∣ψ∣2 acquires a finite expectation value denoted ψ0 such that 
jψðtÞj2 ¼ 1þ 2ψ0jδψðtÞj þ OðδψðtÞ=ψ0Þ2
I

. Owing to the phase–amplitude mixing 
allowed by the lack of inversion symmetry, the laser also couples directly to the 
phase φ. In the dynamics, we included both relaxation and inertial terms for the 
amplitude and phase, and we allowed them to have different relaxation rates γψ 
and γφ. The effective temperature T(t) is in general a function of time and laser 
fluence F

I
. However, owing to the expected slow heat diffusion, as calculated in 

Supplementary Note 4, we assume that it remains at its initial effective value after 
photoexcitation during the whole measurement, T(t) = Tf for z < λp. The differential 
equations governing the system were obtained by taking the variation of the 
GL potential with respect to the amplitude and phase around their equilibrium 
positions ψ0 and φ0. We obtained

∂2jψ j
∂t2

þ γψ
∂jψ j
∂t

þ aðTÞjψ j þ bjψ j3 þ djψ jφ ¼ ηψEðtÞ2ψ0; ð2Þ

∂2φ

∂t2
þ γφ

∂φ

∂t
þ djψ j2 þ gðTÞφ ¼ ηφEðtÞ2φ0: ð3Þ

We solved the coupled differential equations (2) and (3) numerically. The 
parameters used in Fig. 4a–d were A/b = 0.13 K−1, G/b = 0.032 K−1, γψ/b = 0.5, 
γφ/b = 0.4, ηφ/ηψ = 0.505 and d/b = 2.8.

Data availability
The data that support the findings of this study are available from the 
corresponding author upon reasonable request.
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Extended Data Fig. 1 | DFT calculation of the phonon dispersion in the Cc structure. a, Low-energy phonon energy-momentum dispersion curves of 
magnetite calculated for the monoclinic Cc symmetry. The symbols mark the energies of the phonon modes measured experimentally by inelastic neutron 
scattering (violet symbols from ref. 23 and red symbols from ref. 19) and inelastic x-ray scattering (green symbols from ref. 12). There are no optical phonon 
branches in the energy range of the two newly-observed collective modes (1 − 4 meV). b, Partial phonon density of states projected on the Fe sites. The 
results of the DFT calculations are shown in black, while the experimental results at 50 K (taken from ref. 44) are in red.
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