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As the oldest known magnetic material, magnetite (Fe;0,)
has fascinated mankind for millennia. As the first oxide
in which a relationship between electrical conductivity and
fluctuating/localized electronic order was shown', magnetite
represents a model system for understanding correlated oxides
in general. Nevertheless, the exact mechanism of the insulator-
metal, or Verwey, transition has long remained inaccessible?8,
Recently, three-Fe-site lattice distortions called trimerons were
identified as the characteristic building blocks of the low-
temperature insulating electronically ordered phase®. Here
we investigate the Verwey transition with pump-probe X-ray
diffraction and optical reflectivity techniques, and show
how trimerons become mobile across the insulator-metal
transition. We find this to be a two-step process. After an initial
300fs destruction of individual trimerons, phase separation
occurs on a 1.5+ 0.2 ps timescale to yield residual insulating
and metallic regions. This work establishes the speed limit for
switching in future oxide electronics™.

When crossing the Verwey transition of magnetite (Ty = 123 K)
from above, charge fluctuations marking the conducting state
freeze into an electronically ordered structure with octahedrally
coordinated Fe*™ and Fe’" sites, resulting in a hundred-fold
increase in the resistivity!. This transition is accompanied by a
change in the crystal symmetry from a high-temperature cubic
inverse spinel to a monoclinic phase, the fine details of which
have eluded crystallographers for decades. An important step was
taken recently, demonstrating that the low-temperature structure
consists of a network of three-Fe-site distortions dubbed trimerons,
encompassing two outer 3+ and a central 2+ octahedral Fey, site
ion’. In addition, the tyg orbitals within a trimeron are ordered,

meaning that the trimeron lattice (Fig. 1) is the true microscopic
face of the electronic order in magnetite. Fluctuations to this
trimeron order have been observed up to 80 K above Ty in neutron
scattering studies''2.

In many oxide materials'*'* the insulator-metal transition
has been discussed in terms of freezing-in fluctuating lattice
and electronic (charge, spin and orbital) order, sometimes in
combination with the occurrence of phase separation'>!®. However,
owing to the many competing degrees of freedom, the close
energetic proximity of the different phases often obscures the exact
nature of these phase transitions as they are probed in thermal
equilibrium'. In magnetite, the Verwey transition does not involve
changes in the spin ordering, allowing a focus purely on the role
of the lattice and electronic ordering. As such, magnetite serves
as a model system to understand the mechanism behind the
insulator-metal transition for a large group of materials.

Here we show how the insulator—metal transition in magnetite
can be unravelled in the time domain. We use time-resolved X-ray
diffraction'® and optical reflectivity'®?® to disentangle the lattice
and electronic degrees of freedom and study the role of phase
separation in the Verwey transition. Starting from the insulating
phase at 80K, energy is rapidly injected into the electronic system
through femtosecond laser excitation. The lattice and electronic
order responses are probed using soft X-ray diffraction at the
linac coherent light source*! (LCLS; see Methods and Fig. 1). We
show that the insulator—metal transition proceeds in two distinctly
different stages. An ultrafast (<300fs) punching of holes into
the quasi-static trimeron lattice is the first step, followed by a
1.540.2 ps rearrangement of residual trimerons. In the following,
we will characterize these two steps by first monitoring the lattice
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Figure 1| Experimental optical pump-X-ray probe set-up and response of
the soft X-ray diffraction intensity from the monoclinic reflections of the
low-temperature phase of Fe304 on optical pumping. a, CCD detector
images of the (001/2) electronic order recorded at the Fe L3-edge before
and after pumping with 4.9 mJ cm~2. The pump-induced shift of the
diffraction peak shows a clear in-plane component along g,. We note that
the orthogonal direction is a superposition of in-plane (g;) and
out-of-plane (g¢) directions. b, Horizontal line scans of the (001/2) peak at
gp =0 before Ofs, at 0.1 ps and at 1ps pump-probe delay time. ¢, Sketch of
the experimental set-up. The magnetite crystal is shown as the blue (red)
block in the monoclinic (cubic) structure. Inset: low-temperature unit cell
with the electronically ordered trimeron lattice represented using blue
ellipsoids after ref. 9.

and electronic order parameters (diffraction intensity) succeeded
by discussion of the electronic order coherence length. The latter,
together with time-resolved optical reflectivity, reveals a picosecond
phase segregation into insulating domains of residual electronic
order and a percolative network of coexisting domains supporting
polaronic charge transport.

The low-temperature monoclinic structure is established
through freezing-in of various phonon modes across Ty (ref. 9).
Some of these frozen phonons (most notably the X; and As
modes*?) act as primary order parameters for the insulating
trimeron phase. This gives rise to low-temperature Bragg peaks that
are forbidden in the cubic high-temperature phase (Supplementary
Information). Here we monitor the low-temperature lattice order
through (001) and (110) Bragg diffraction and the electronic order
through the (001/2) Bragg peak, visible when the X-ray energy is
tuned to the electronic 2p—3d core—valence resonance of the B-site
Fe atoms (see methods and Supplementary Information).

Figure 2a shows the temporal evolution of the lattice order by
means of the scattering intensity for the (001) Bragg peak for
three different pump fluences. The pump pulse triggers electronic
excitations within the trimeron lattice, resulting in the creation
of trimeron holes in the network. This expresses itself as the
ultrafast drop in scattering intensity (denoted A, orange arrow).
This ultrafast response of a subset of atomic displacements attests
to the strong coupling between electronic and lattice degrees
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Figure 2 | Differing femtosecond and picosecond responses for the decay
of the trimeron-related X-ray diffraction intensity. a, Normalized (001)
diffraction intensity versus time delay for pump fluence values as indicated
(traces offset). The dashed line fits extract the characteristic timescales for
pump fluences below 1.3£0.1mJ cm~2. The orange arrow indicates a
strong quench (A) of the diffraction from the ordered trimeron lattice in the
first 300 fs. For longer times and pump fluences above 1.3+ 0.1mJ cm™2
the signal from the remnant trimeron lattice decays monotonically (B
process defined as the difference between high- and extrapolated
low-fluence behaviours, purple shading). b, Pump fluence dependence of
the fast (t < 300 fs) intensity drop A (orange shading) and the slower
intensity decay B (purple shading) of the diffraction intensity from the
magnetite trimeron lattice from time traces such as those shown in a. The
fast quench (A) is present for all fluences. The slower B decay appears only
above a threshold pump fluence Fipresh = 1.320.1mJ cm~2. This threshold
shifts to higher pump fluences with decreasing initial sample temperatures
(Supplementary Information).

of freedom in the system. After the initial, ultrafast intensity
drop seen for all fluences, a further picosecond evolution takes
place. Its nature depends on the pump fluence. At low fluence, a
thermally equilibrated trimeron lattice reasserts itself after about
1 ps, leading to an increase in scattering intensity (top curve in
Fig. 2a). We note that the initial low-temperature state is re-
established only after microseconds owing to the low thermal
conductivity'® of the system. For higher fluence (lowest curve
in Fig. 2a), the picosecond behaviour is different. It exhibits a
monotonously continuing reduction in diffraction intensity with
increasing pump—probe delay time (parameter B, purple shading).
Figure 2b shows the resulting decomposition of the time profiles
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Figure 3 | Fast trimeron lattice quench followed by a picosecond
transformational process. Bottom: the figure compares X-ray data
(blue/green symbols and dashed brown line) taken at the (001/2)
reflection (Fe L3-edge) and optical reflectivity (red line, representing an
exponential fit to the data in the Supplementary Information). The
trimeron-order coherence length is derived as A¢on = 2n/FWHM with
FWHM being the full-width at half-maximum of the diffraction data shown
in Fig. 1b. Statistical errors in determining Acop and the change in monoclinic
tilt angle, AB, are given by the respective symbol sizes. The reductions in
Aconh and A occur concomitant with the increase of AR/R with a time
constant of 1.5+ 0.2 ps, as shown by the red line (Supplementary Fig. S3).
This decay occurs with a delayed onset as clearly indicated by the
unchanged Acon and AB values at 200 fs time delay (Fig. 1b) and reflects
the structural modifications towards the cubic lattice where metallic charge
fluctuations reduce the coherence of the remnant patches of electronic
order. As a comparison: the trimeron lattice diffraction intensity versus
time (dashed brown solid line in arbitrary units centred at O fs time delay)
shows a fast quench reflecting the time resolution of the experiment. The
X-ray data were taken with a pump fluence of 4.9 mJ cm~—2. Left inset:
fluence-dependent Acon and AB data taken at a fixed delay time of 5 ps.
The data show a threshold fluence, Finres = 1.3£0.1mJ cm~2, above which
the diffraction peaks exhibit a change of the monoclinic angle AB (0.23°
would correspond to the cubic case). The diffraction peaks also broaden,
linked to a reduction of the coherence length of the trimeron lattice
remnants, Acon, by up to 40%. Right inset: fluence-dependent AR/R data
taken at a fixed delay time of 5 ps, probing the onset of the metallic phase
above 1.3+0.1mJ cm~2 (Supplementary Information).

into the two parameters, A and B, as a function of pump fluence.
The figure also demonstrates that the behaviour of the (110) lattice
Bragg peak is identical to that of the (001) one. As the next step,
we add the analysis of time traces from the (001/2) electronic order
diffraction intensity>* into Fig. 2b. It is immediately evident that
all of the data can be collapsed onto a single, universal plot. The
continued picosecond decay B exhibits a clear threshold pump
fluence of 1.3+0.1 mJ cm™2. The threshold value is a surprisingly
good match to the energy required to drive magnetite from
80K across the Verwey transition in thermodynamic equilibrium
(Supplementary Information).

Up to this point, we have shown that optical excitation launches
a strongly coupled charge-lattice motion, locally destroying the
trimeron order. Now we address the question of whether this
process can instigate metallic behaviour. By probing the coherence
length of the electronically ordered phase after the optical
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excitation, we show that the system segregates into coexisting
metallic and insulating domains on a 1.5+ 0.2ps timescale.
In Fig.3 we show the evolution of the coherence length, A,
extracted from the diffraction peak width and the change in the
monoclinic tilt angle, AB. Figure 1 shows that a A change results
in a characteristic shift of the diffraction peak (Supplementary
Information). The relative diffraction intensity (dashed brown
line in Fig. 3) is strongly suppressed within 300 fs of the optical
excitation pulse. The intensity goes on to reach values below 5%
of the static value on the picosecond timescale. In contrast to
the fast intensity quench, the changes of AB and A, exhibit a
very different characteristic timescale of 1.540.2 ps for this pump
fluence. Moreover, A and A, changes are observed only later than
200 fs (the earliest data point following optical excitation included
in Fig. 3). This means that on the timescale of the ultrafast intensity
quench, the low-temperature monoclinic lattice tilt angle and the
trimeron lattice coherence length remain unchanged with respect
to the static case. We note that the observed static coherence length
of Aeop =385+ 10 nm is in good agreement with literature values®.

The observed shrinking correlation length of the insulating
trimeron lattice indicates island formation, providing space for a
coexisting, metallic phase. We used optical reflectivity to detect its
existence. In thermal equilibrium, the transition from insulating to
metallic behaviour is accompanied by the appearance of a spectral
feature centred at 725 nm (ref. 19). We found the same feature to
appear in time-resolved, pump—probe experiments with a 1.5+
0.2 ps time constant (Supplementary Information). The observed
delayed onset and subsequent increase of metallic character (red
line in Fig. 3) mirrors the decay of the insulating phase. The fluence
dependence (right inset in Fig. 3) shows that the metallic phase is
fully developed above 4 mJ cm™2.

Therefore, on short timescales, shooting holes into the trimeron
lattice weakens the network, but does not destroy its long-range
order. This behaviour of negligible change in correlation length
despite strong reduction in intensity has also been observed in
nickelates?®, where it is associated with small fluctuations in
amplitude and phase of charge order. In contrast, in magnetite,
large phase fluctuations in the electronic order result in the observed
picosecond decrease of the correlation length in Fig. 3. Thus, a
transformational regime is entered on the picosecond timescale
that is marked by a break-up of the trimeron lattice into patches
separated by a coexisting metallic phase that scrambles the phase
coherence of the surviving trimerons islands (Fig.4). This is
accompanied by a relaxation of the monoclinic lattice tilt AB
in the trimeron islands towards the right-angle cubic value (see
schematics in Fig. 1). After 5ps in Fig. 3, the deviation from the
cubic lattice angle is 0.11°, compared with 0.23° for the static, low-
temperature case. One of the most remarkable aspects of the data of
Fig. 3 is that the lattice transformation towards the cubic ideal does
not happen synchronously with the ultrafast trimeron annihilation
process. The transformational, picosecond regime is entered only
at pump fluences above the threshold value, because both A, and
the monoclinic tilt change only above 1.3+0.1 mJ cm ™2 (left inset to
Fig. 3), in agreement with the minimal fluence for metallic character
seen in the optical reflectivity (right inset to Fig. 3).

Bringing together all pieces of the puzzle, as shown in Fig. 4, we
can now describe, step-by-step, the energy-flow processes following
femotosecond optical excitation of the electronically ordered Fe
B-sites in magnetite.

On a femtosecond timescale, the optical pump pulse induces
transitions in the electronic system (red arrows in Fig. 4a), leading
to the creation of holes in the trimeron lattice (dashed in Fig. 4b).

This process, which represents trimeron annihilation (dashed in
Fig. 4b), triggers relaxation of the monoclinic distortions related
to a subset of the frozen phonon modes, namely the ones with
the largest amplitude situated on the end points of the trimerons®
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Figure 4 | Summary of the workings of the Verwey transition in non-equilibrium pump-probe form. a, Ultrafast trimeron annihilation due to laser excited
Fe2t-Fe3* charge transfer launches strongly coupled electronic and lattice dynamics. b,¢, For a pump fluence above 1.3+ 0.1mJ cm~2 trimeron holes (b)
transform with a time constant of 1.5+ 0.2 ps to a state with shrinking patches of remnant phase-scrambled electronic order (¢). Its structure is
approaching that of the cubic case in d, embedded in a network supporting mobile charge fluctuations (red) derived from the aggregation of the trimeron

vacancies in b. d, The end of the line would be the fully metallic, cubic phase.

(Supplementary Information). It is these frozen X; and As modes
that dominate the monitored diffraction peaks (Supplementary
Information). The energy of these X; and As modes is between 10
and 30 meV (ref. 27), yielding characteristic vibrational timescales
between 400 and 150 fs. We note that possible coherent oscillations
of these modes would be smeared out as a result of the time
resolution (~300 fs) of our experiment.

After 300 fs, the residual trimeron lattice retains the long-range
order of the insulating phase (dark blue in Fig. 4b), albeit possessing
excess energy that is dissipated on a longer (picosecond) timescale.

If the pump fluence is low, the trimeron lattice then recovers
and the system simply returns to a warmer version of the
electronically ordered insulating state, through equilibration of the
hot phonon modes. The long-range coherence of all the other frozen
displacement modes of the monoclinic structure is still preserved.

For a pump fluence above threshold, the excess energy is
sufficient to drive the system through a point of no return. We
note that the dynamics of this unfreezing depends on the starting
temperature before the pump: lower temperatures requiring
larger pump fluences (Supplementary Fig. S2). For 80K starting
temperature, the transformational regime (Fig. 4c) is entered on a
characteristic timescale of 1.5+ 0.2 ps. The observed relaxation of
the monoclinic tilt indicates the melting of the I'-mode distortions
(Supplementary Information) on this timescale. The 80 K threshold
fluence of 1.3 +0.1mJcm™ corresponds to the absorption of
about one photon per monoclinic unit cell, containing 30 trimeron
sites (Supplementary Information). A single 1.5eV photon can
create about 5-10 electron-hole pairs above the bandgap>'’;
thus, the threshold fluence corresponds to the destruction of
about 1 in 4 trimerons.

This transformational process switches the system from being a
long-range ordered trimeron lattice (dark blue in Fig. 4) with holes
in it (dashed), into a patchwork of modified but still electronically
ordered remnants (purple in Fig. 4c), with structural parameters
leaning towards those of the charge-fluctuating, conducting cubic
matrix in which they reside (red, seen in optical reflectivity). This
transition from the residual coherent trimeron network to a phase-
segregated state has to proceed through coalescence of trimeron
holes and thus involves the hopping of charges together with
their associated lattice distortions between trimeron lattice sites.
We note that the electronic order observed after 1.5 ps could—in
principle—be a different one to that in the ground state. However,
the optical data as well as the observed reduction of the monoclinic

tilt angle indicate that the 800 nm pump drives the system (partially)
into the high-temperature phase. The fact that electronic order
is still observed at such picosecond timescales clearly indicates
the existence of insulating regions in the sample. Hence, the
observed B process is the signature of polaronic transport, further
eroding the ordered regions on a picosecond timescale after the
optical excitation. This polaronic hopping timescale matches well
with the charge density relaxation time seen in inelastic neutron
scattering associated with fluctuating trimeron order above Ty
(ref. 12). These observations all point to the fact that the threshold
fluence, translating to trimeron lattice collapse for a volume
fraction below ~75%, is that required to create a percolative
network of charge-fluctuating, metallic, sites in the trimeron matrix
(Supplementary Information).

This pump-induced transformation can thus be regarded as a
non-equilibrium version of the thermodynamic Verwey transition
seen in the conductivity—temperature phase diagram of magnetite.
Consequently, the data show how magnetite dynamically evolves
towards its energy minimum during the Verwey transition: initially
holes in the long-range ordered trimeron lattice allow the trimerons
to become mobile and form shorter-range ordered domains
surrounded by charge-fluctuating regions. The coalescence of the
remaining trimerons, driven by their desire to keep the monoclinic
distortion intact, is connected to the organization of hundreds of
atoms involved in the frozen displacement modes of the monoclinic
structure. The bulk metallic phase is reached as soon as the
charge-fluctuating regions form a percolation pathway through
the magnetite crystal.

In conclusion, our experiments show that insulating, electron-
ically ordered, low-temperature magnetite exhibits phase segre-
gation on a 1.5+ 0.2ps timescale following ultrafast (<300 fs)
laser-induced trimeron hole creation. We identify a residual
low-temperature, insulating phase embedded in a phase resem-
bling the high-temperature metallic lattice, the latter forming a
percolative charge-fluctuating path throughout the sample. The
switching of conductivity in such an archetypal complex oxide
at the picosecond timescale makes these systems faster than the
best graphene transistors?® developed so far. The understand-
ing we have gained as to how the transformation between the
two states straddling the Verwey transition takes place could
aid in the choice and design of oxide materials aiming at har-
nessing the enormous differences in electrical conductivity avail-
able in these systems.
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Methods

Time-resolved resonant soft X-ray diffraction measurements were carried out at
the SXR beamline? of the LCLS, using monochromatized X-rays of 10 fs pulse
duration with a repetition rate of 60 Hz and a bandwidth of 400 meV at the Fe

L; edge (707 eV photon energy). A pump laser with photon energy hv =1.55eV
and 70 fs pulse duration was synchronized to the X-ray pulses. The scattering data
were intensity normalized on a shot-by-shot basis and corrected for jitter in the
arrival time of the electron bunch of the free-electron laser. The shortest measured
timescale of <300 fs represents an upper limit of the remaining X-ray to optical
pulse arrival-time jitter.

The X-ray and pump laser foci on the sample had diameters of 200 and
500 um, respectively. Pump fluence values given here are depth-corrected,
taking the penetration depth of the X-ray probe into account (Supplementary
Information), thus making diffraction data measured at different X-ray energies
directly comparable. Diffraction data were acquired using the RSXS endstation®,
equipped with a fast avalanche photodiode (integrating over the entire diffraction
peak) and a two-dimensional fast CCD (charge-coupled device) camera both
shielded from the optical pump laser by an Al window. Figure 1 shows a sketch
of the experimental set-up. Synthetic magnetite single crystals were cleaved in air
before introducing them within minutes into an ultrahigh vacuum environment
with a base pressure of 1 x 107 mbar. All data shown were collected at a base
temperature of 80 K. During the X-ray diffraction measurements, we did not find
any evidence for the appearance of structurally twinned domains within the spatial
extent of the X-ray photon spot (Supplementary Information).

The primary order parameters of the magnetite cubic-to-monoclinic lattice
distortion are the cubic X; and A5 phonon modes. These modes are strongly
coupled with (001) and (110) lattice reflections (Supplementary Fig. S4). Note:
cubic notation is used throughout the paper. The monoclinic lattice order of
magnetite was non-resonantly probed at the (001) and (110) reflections with
800 eV and 1,200 eV X-rays, respectively. Electronic order below Ty is characterized
by the appearance of a (001/2) ordering period and was selectively probed
on resonance at the Fe Ly-edge (hv =707 and 708 eV; refs 24,25). The CCD
detector was used to record the data for the (001/2) reflection at the Fe L;-edge
presented in Figs 1 and 3. All other data presented were recorded using the
photodiode detector.

Time-resolved optical reflectivity was measured as described in ref. 20
(Supplementary Information) using an amplified Ti:sapphire laser system
with ~80fs pulse duration operating at 250 kHz. Pump (800 nm) and probe
(500-800 nm) beams were focused to spot diameters of ~110 and 90 um,
respectively. The sample was identical to the single crystal used for the experiments
at the LCLS. The optical signature of conductivity was probed in a 700750 nm
wavelength interval following ref. 19.
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