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Coherent control of the orbital occupation driving the insulator-to-metal Mott transition in V,0;
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Managing light-matter interactions on timescales faster than the loss of electronic coherence is key for
achieving full quantum control of the final products in solid-solid transformations. In this Letter, we demon-
strate coherent optical control of the orbital occupation that determines the insulator-to-metal transition in the
prototypical Mott insulator V,03. Selective excitation of a specific interband transition with two phase-locked
light pulses manipulates the occupation of the correlated bands in a way that depends on the coherent evolution of
the photoinduced superposition of states. A comparison between experimental results and numerical solutions of
the optical Bloch equations provides an electronic coherence time on the order of 5 fs. Temperature-dependent
experiments suggest that the electronic coherence time is enhanced in the vicinity of the insulator-to-metal

transition critical temperature, thus highlighting the role of fluctuations in determining the electronic coherence.
These results open different routes to selectively switch the functionalities of quantum materials and coherently

control solid-solid electronic transformations.

DOI: 10.1103/PhysRevB.107.L161110

The ability to control matter transformations along quan-
tum coherent pathways is key for opening new frontiers in
condensed matter physics, with a broader impact on the de-
velopment of novel quantum technologies [1,2]. In contrast
with conventional state transitions, in which electrons can
be considered as incoherent degrees of freedom instanta-
neously coupled to external reservoirs (phonons, vibrations,
and charge or spin excitations), coherent control protocols are
based on the creation of a quantum coherent superposition
of states that freely evolve and determine the output of the
transformation before any decoherence process takes place
[3.4].

Early efforts to achieve optical coherent control exploited
the long coherence times (75 2, 1 ps) of atomic and molecular
systems to control the output of specific chemical reactions
[4-9]. The solid state counterpart, i.e., the control of the output
of a thermodynamic phase transition, is far more challenging
given decoherence timescales on the order of a few fem-
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toseconds due to the extremely efficient coupling of charge
excitations to the environment. Recent attempts at coherent
control in solid state systems have demonstrated optical con-
trol of the insulator-to-metal transition in organic correlated
crystals [10] and indium wires [11] by exploiting the relatively
long-lived vibrational coherence. In these studies, a combina-
tion of two short phase-coherent light pulses was shown to
enable the switching of the structural phase of the system in a
way that depends on the instantaneous nuclear position during
the oscillation of the structural amplitude modes connecting
the two phases [11]. Coherent schemes have additionally
been implemented to control the dynamics of photoemit-
ted electrons in metals and superconductors [12-15] and
the instantaneous electronic photocurrents in semiconductors
[16,17], without driving any phase transformation in the ma-
terial. To date, managing the coherent dynamics of electronic
states that control the output of a solid-solid phase transition
is still an unexplored field.

Here, we report evidence of the electronic coherence of
the interband transitions relevant for the insulator-to-metal
transition (IMT) of V,0; by means of optical manipulation
with two extremely short phase-locked light pulses. V,0;
undergoes a phase transition at Tpyr ~ 180K from a low-
temperature antiferromagnetic monoclinic insulator (AFI) to
a high-temperature paramagnetic corundum metal (PM). The

©2023 American Physical Society
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FIG. 1. Cartoon of the experiment. (a) Crystal structure and sketch of the electronic band structure near the Fermi level (Er) for the
antiferromagnetic insulating (AFI) phase of V,0;. (b)-(d) Two-level system representing the orbital population excited by two coherent pump
pulses and (e) free-energy (EgL) diagram showing the phase of the system. The ground and excited many-body states, characterized by different
occupations of the ey and aj, electronic levels, are identified as |0) and |1). (b) When the first pump pulse arrives, the system is at equilibrium
(insulating phase), i.e., in the ground state |0). (c) After the first excitation, the system is left in a polarization state, described by nonzero
off-diagonal terms (g, and pjo) of the density matrix. The second phase-coherent pulse manipulates the coherent superposition of levels |0)
and |1) within the coherence time 75. After the coherent photoexcitation, the system is left in a population state (d), with zero off-diagonal
terms, which evolves towards a thermal state. (e) The #,-dependent population determines the energy potential profile and, consequently, the
final state of the system at large delay time, #, = 100 ps. f) Electronic band structure near the Fermi level (Er) for the paramagnetic metallic
(PM) phase of V,05. Crystal structure in (a) adapted from Ref. [18], and electronic band structure in (a) and (f) adapted from Ref. [19].

combination of strong on-site Coulomb repulsion, crystal field
splitting, and trigonal distortion of the V-O octahedra gives
rise to a manifold of electronic states within the vanadium 3d
levels. In particular, the conductive state of V,03 is mainly
determined by the occupation of the lowest levels, i.e., the ey
doublet, mainly oriented in the a-b plane, and the upper a,
singlet, mainly oriented along the ¢ axis [see Fig. 1(a)]. At
Timr, the shortening of the V-V dimers along the hexagonal
c axis favors an increase of the aj, occupation (n,,,) at the
expense of the eg one (nen) and drives the transition from a
Mott insulator to a metal [20 22]. The ay, orbital occupation,
though being finite in both phases [21,23,24], jumps upwards
at the transition and thus can be considered as its control
parameter.

Optical transitions in the visible region can be used to
nonthermally manipulate n,, . Visible light pulses have been
demonstrated to trigger the transformation from an insulator
to a metastable metal by the suitable excitation of interband
transitions [22,25-28]. The underlying concept of the coher-
ent control protocol is based on the excitation of the e — ai,
optical transition by two phase-coherent pulses [Figs. 1(b)—
1(e)]. For simplicity, we will refer to the insulating many-body
ground state as |0) and to the excited state as |1). The first
pump pulse excites the insulating ground state, characterized
by the equilibrium occupation n,,,, and creates a quantum
superposition of states |¥) = pg|0) + p;|1), where |po(1)|2 is
the time-dependent probability of finding the system in the
state |0(1)) [Fig. 1(c)]. If we consider the density matrix p =
|W) (|, the quantum polarization state generated by the first
pump pulse is described by nonzero off-diagonal terms 0,
which are eventually destroyed by the decoherence brought
by the environment, here composed by phonons, and spin and
charge excitations. The following interaction with the second
phase-locked pump pulse leaves the system in a population
state characterized by increased Ray,» encoded in the diagonal
population term (p;;) of the density matrix [Fig. 1(d)]. The

orbital population variation induced by the excitation proto-
col thus depends on the instantaneous polarization state at
the time of the interaction with the second pump pulse. As
demonstrated in Ref. [22], the IMT can be described via a
Landau-Ginzburg energy functional Egp [Fig. 1(e)], which
takes the form

8(na,. T)n, (1)

where 7 is the order parameter assuming the values 1y > 0
and 7njys < 0 in the metallic and insulating phases, respec-
tively. The effect of the interaction with the light pulses is
accounted for by the coupling term g(n,,,, T'), which is neg-
ative at equilibrium for 7 < Tyt and becomes positive, thus
stabilizing the metallic phase, when either n,, is increased
by the pump pulses or T > Tiyt. As a consequence, by
preparing the |\W) many-body state we can coherently control
the final population difference n,,, — Ner = P11 = P00 and, in
turn, the free energy of the system. The combined action of
the two phase-coherent pump pulses thus leaves the system
in a nonequilibrium configuration, which evolves towards a
metastable metallic state, characterized by 7y, Within the
timescale (~50 ps) necessary to complete the electronic and
structural transformation [22,28].

In conventional incoherent excitation schemes, the amount
of material undergoing the phase transition is strictly propor-
tional to the intensity of the excitation light. In contrast, the
coherent dynamics addressed by the two-pump coherent ex-
periment proposed here results in multiple effects. First, if the
two-level system is excited by two phase-coherent pulses with
photon energy fhiw, = hiwy + dw, where liwy; is the energy
difference between the two levels and w the energy detuning,
the oscillation of p;; — pgo as a function of the delay between
the two coherent pumps is pinned to wy;, in the limit of large
T». This leads to a detectable frequency difference between
the time-domain linear interferogram of the two pump pulses
and the signal related to the photoinduced IMT. Second, if the

EcL(na,,) & [ = Nmed* [0 — Mins]* —
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dephasing time of the electronic coherence state generated by
the first pulse is comparable to or longer than the pulse width,
coherence effects can be observed beyond the strict temporal
overlap of the two pump pulses. In particular, oscillations of
the final population can survive longer than the time-domain
linear interferogram of the two pump pulses, thus leading to a
variation 8y = y; — y,, of the spectral width of the signal (y;)
relative to the spectral width of the pump pulse (y,,), which is
related to the IMT.

In order to resolve possible signatures of the coherent
dynamics described above, it is crucial to maintain a high
degree of phase coherence between the two pump pulses
and to accurately tune the experimental parameters so as to
maximize the effects. This experiment requires temporally
short and spectrally broadband light pulses whose spectral
widths cover the spectral region of the expected frequency
shift, while providing enough excess energy to overcome the
insulator-to-metal transformation barrier [see Sec. S2 in the
Supplemental Material (SM) [29]]. The choice of the experi-
mental parameters was informed by the numerical solution to
the optical Bloch equations (OBEs) (see Sec. S3 in the SM
[29]), which allows us to simulate the dynamics of the py;
population in the presence of an effective decoherence driven
by the coupling of the electronic wave functions with the en-
vironment. Considering realistic pulse durations (~30fs) and
reasonable tunability (~50 meV, see Fig. S3 in the SM [29])
around wy, signatures of coherent effects are observable for
T, as small as a few femtoseconds, provided a phase stability
of the order of 1/1000 of the optical cycle is achieved.

In the present work, the IMT is optically triggered
by means of two phase-coherent pump pulses (with dura-
tion <28fs as measured by polarization-gated frequency-
resolved optical gating) generated by translating-wedge-
based identical-pulse-encoding system (TWINS) technology,
a collinear interferometer based on birefringent wedges ca-
pable of tuning the relative delay (#;) between the two pulse
replicas with attosecond precision and excellent phase stabil-
ity (~2 as, see Sec. S4 in the SM for more details) [30-33]. A
third optical pulse arriving at fixed delay #, after the excitation
pulses probes the final state of the system, thus providing
a t;-dependent pump-induced relative reflectivity variation,
O0R/R (11, 1) (see Sec. S5 in the SM for a detailed description
of the experimental setup [29]). In this Letter, we focus on the
interband electronic transition at ~2.4eV (Fig. S1 in the SM
[29]), which is a transition between the €5 and a;, bands and is
particularly sensitive to the insulator-to-metal transformation
[28]. The sample under study consists of a 50-nm-thick V,0;
thin film deposited by oxygen assisted molecular beam epi-
taxy (MBE) on a (0001)-oriented sapphire (Al,O3) substrate,
with the ¢ axis perpendicular to the surface [34].

We first observe the dynamics of the incoherent IMT by
performing a conventional pump-probe experiment, corre-
sponding to the case of t; =0, at T = 140 K. For fluences
higher than ~4 mJ/cm?, the 8R/R(t,) signal at long delays
(t; > 50 ps) shows the same reflectivity decrease observed
during the thermally driven IMT [22]. For intermediate flu-
ences (<0.5 mJ/cm?), as those used for the trace reported
in Fig. 2(a) and in the following experiments, the signal
is linearly proportional to the pump excitation and to the
metallic filling fraction variation [28]. The relative reflectivity
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FIG. 2. Interferometric time-resolved pump-probe (ITRPP).
(a) Relative reflectivity variation §R/R(t,) as a function of #, detected
at 2.42eV photon energy [standard pump-probe (PP) experiment
as sketched in the inset]. (b) Relative reflectivity variation §R/R(t;)
detected at 2.42 eV photon energy as a function of the pump-pump
delay #; (black line), at a fixed probe delay f, = 100 ps, compared
with the first-order correlation function of the pump pulse (red
line). The experimental data in (a) and (b) have been obtained at
T = 140 K with an incident pump fluence of 0.4 mJ/cm?. Inset:
Expanded view highlighting the different §R/R value (markers) at
delay times corresponding to the same pump intensity: #; = 39.8 fs
(blue marker) and #; = 40.7 fs (yellow marker). (c) Calculated two-
level population difference as a function of the pump-pump delay ¢,
(black line) compared with the first-order correlation function of the
pump pulse (red line). (c) Inset: Excitation-energy-dependent shift
at fixed temperature 7 = 100 K. A linear model (red line) has been
fitted to the experimental data (black markers). The simulation has
been performed by solving OBE with 7, = 5fs and 6w = 0.06eV.
Signals in (b) and (c) are shown for #; > 20fs to highlight the
frequency shift.

variation dynamic is characterized by a buildup of the order
of few tens of ps corresponding to the photoinduced nucle-
ation and growth of metallic domains [28,35]. At#, = 100 ps,
the phase transformation is complete as indicated by the #,-
dependent signal [Fig. 2(a)]. Therefore this #, value is chosen
as the detection time for the interferometric experiment, in
which the transient SR/R(#;) signal is recorded as a function
of t;. The t;-dependent relative reflectivity variation signal
is reported in Fig. 2(b). The 6R/R(#;) signal (black solid
line) is shown together with the linear interferogram (first-
order correlation function) of the pump pulse pair (red solid
line). The oscillatory pattern of §R/R shows a progressive
dephasing with respect to the pump interferogram, thus sug-
gesting a frequency shift between the two signals. The phase
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difference accumulated after 25 oscillations corresponds to a
delay of ~100 as, which is well above the phase stability of
our setup. The observed dephasing indicates that the corre-
lated SR/R(t;) signal, proportional to the amount of material
driven into the metallic phase, is no longer proportional to
the pump intensity. The inset of Fig. 2(b) shows that, given
the same pump intensity for example at r; = 39.8fs and #; =
40.7fs, 6R/R(t,) after 100 ps assumes two values differing by
about 7%. The frequency shift between the two interferograms
in Fig. 2(b) is evaluated by comparing the central frequencies
of the spectra obtained by Fourier transforming the time-
domain data with respect to #,. Details of the analysis process
can be found in Sec. S5 of the SM [29]. We find that the
frequency of the §R/R(t;) signal is redshifted by an amount
corresponding to A = (4 £ 1) meV with respect to the pump
linear interferogram. At the same time, oscillations of the
SR/R(t)) signal persists for a longer time interval than the
temporal width of the pump interferogram, as indicated by the
spectral width variation 8y /y, = —(2.6 £0.3)%. From the
numerical solution of OBE, we pinpoint that the energy shift
A depends on the coherence time and that it is smaller than
the detuning, |A| < |§w|, for finite 7. In the limit 7, — oo,
A coincides with dw (see Sec. S2 in the SM for more details
[29D).

The experimental data shown in Fig. 2 are compared to
the results of the OBE simulations, which are used to com-
pute the time-dependent population difference, pgo — p11(t1),
following the interaction with the two phase-coherent pump
pulses [black solid line in Fig. 2(c)]. In this simplified model,
the population difference corresponds to the photoinduced
band occupation variation, which is responsible for triggering
the slow insulator-to-metal transformation. In the simulation,
the electronic levels are excited by two phase-locked and
temporally delayed pulses with Gaussian profiles with in-
put parameters corresponding to the experimental ones. The
phenomenological coherence time 75, which represents a dis-
sipative timescale for the off-diagonal coherence (pp; and pjg
terms), and the bare transition energy hwg; are left as free
effective parameters optimized to match the observed redshift
and spectral width variation. The best agreement is obtained
for T, = (5.6 £1.0) fs and hwy = (2.32 £0.02) eV (see
Sec. S6 in the SM for more details [29]). In Sec. S2C we also
included in the model the possible change of optical properties
induced by the first pump and experienced by the second one.
Also in this case a nonzero decoherence time is required in
order to account for the observed phenomenology.

The solutions of the OBE also suggest that, for nonzero 75,
the observed redshift A linearly depends on the detuning dw
between the driving field frequency /iw, and the transition en-
ergy fiwg;. Additional experiments, performed at 7T = 100 K
and varying the central frequency of the pump pulses, confirm
the linear relation between A and Sw [Fig. 2(c) inset]. By
fitting a linear regression to the experimental values of A,
we estimate the position of the transition at hwg; = (2.37 &+
0.01) eV at T = 100K, in good agreement with the value
obtained from the OBE numerical results. Taken together,
these data demonstrate that the photoinduced IMT after 100 ps
is controlled by the initial band population imbalance, which
is in turn determined by the coherent dynamics of the many-
body state |¥). The observed 7 is nonzero and allows for the
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FIG. 3. Temperature dependence of electronic coherence param-
eters. (a) Measured energy shift and (b) relative spectral width
variation as a function of temperature. (a) Inset: Free-energy diagram
at different temperature values near the critical temperature 7pyr.
(c) Coherence time values as a function of the temperature retrieved
by applying the OBE analysis to the experimental results shown in
(a) and (b). Where not reported, the error bar is smaller than the
marker size.

exploitation of ultrashort pulses for coherent manipulation of
the IMT.

A natural question arising from the reported evidence of
coherent control of the IMT in V,03 is whether 7, can be
increased in order to make coherent manipulation schemes
more effective. An intriguing possibility is to exploit the
coherent dynamics across the thermally driven transition at
Timr. The flattening of the free-energy curve [see Eq. (1)]
in the vicinity of the spinodal points, where one minimum
becomes an inflection point of Egy for T > Tyyr [see the
inset in Fig. 3(a)], can give rise to a slowing down of the
n fluctuations, similarly to second-order phase transitions.
Thus, the instantaneous free-energy configuration correspond-
ing to the pump-induced n,, increase can contribute to
enhancing the coherence time that regulates the time evolution
of |W). In Figs. 3(a) and 3(b), we report the A and 8y /y,
values measured for temperatures spanning the 100-180 K
range. We note an increasing frequency shift A as Tpvt is
approached. However, this effect may simply result from the
continuous shift of the transition frequency /iwg;, which is
also suggested by equilibrium optical properties [19]. In order
to retrieve the values of 75, we performed the same analysis,
based on OBE, as previously described. The results reported
in Fig. 3(c) show a moderate increase of the coherence time
up to a maximum value 7, = (8 £2) fs. We note that the
vanishing of the R/R(t)) signal at T >~ Tyt contributes to
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the large uncertainty of the 7; in the vicinity of the thermally
driven IMT.

In conclusion, we have demonstrated the possibility of
coherently controlling the orbital occupation of the a;, and
e, levels in V,03. The extreme phase stability of the two
phase-coherent pump pulses unveils signatures of coherent
dynamics, such as detuning and time broadening of the
SR/R signal, even for electronic coherence times as short as
5 fs. The electronic coherence shows a tendency to increase
in the vicinity of the thermal IMT. The orbital population
change induced by the coherent excitation protocol drives the
insulator-to-metal transition that takes place on the ~50 ps
timescale. These findings suggest that the control of fluctu-
ations of the electronic and structural degrees of freedom is
key to enhancing electronic coherence and unlocks the gate
for future advances in the coherent manipulation of solid-solid
transitions. Experimentally, ultrafast coherent experiments
probing the different degrees of freedom (e.g., phonons, spin
excitations, orbital fluctuations) are needed to identify the
main channels that control the electronic decoherence. This
knowledge would indicate the most promising strategies, e.g.,
different excitation protocols or a combination with differ-
ent external control parameters (chemical composition, strain,
pressure, electric/magnetic fields), to preserve the electronic
coherence on longer timescales. From a theoretical viewpoint,

microscopic models beyond master equations are expected to
shed light on the way the many-body systems evolve from a
coherent polarization state to a metastable macroscopic phase
that can be thermodynamically described by a proper free-
energy functional.
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