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Optically engineered quantum interference of delocalized wave functions
in a bulk solid: The example of solid para-hydrogen
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Local excitations of indistinguishable particles in a solid are quantum-mechanically superposed to give
delocalized wave functions. Their interference is often so short-lived that it eludes observation and manipulation.
Here we have actively controlled interference of delocalized vibrational wave functions in solid para-hydrogen
produced by a pair of ultrashort laser pulses. The ultrafast evolution of their interference changes from almost
completely constructive (amplification by a factor of ~4) to destructive when we change the timing of those two
laser pulses by only 4 fs. This active control serves as an experimental tool to investigate the spatiotemporal

evolution of a wave function in a bulk solid.
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I. INTRODUCTION

A specific type of excitation of solids including the Frenkel
exciton could generate a delocalized quantum state, in which
local excitations of indistinguishable particles in a solid are
quantum-mechanically superposed to give a delocalized wave
function."? Interference of such delocalized local excitations
is adirect signature of the delocalized wave nature in a solid but
is often so short lived that, to date, it had eluded observation
and manipulation. Here we demonstrate actively controlled
quantum interference of those delocalized wave functions in a
bulk solid.

Coherent control is a technique that uses coherent light to
manipulate the interference of wave functions.®* It is a basic
way of controlling a variety of quantum systems and has been
exemplified for electronic, vibrational, and rotational states
of atoms and molecules,”'® excitons and spins in the solid
state,'9-2* and translational motions of atoms in Bose-Einstein
condensate.?> Here we apply this technique to delocalized local
excitations in a bulk solid.

We take vibrons of solid para-hydrogen (p-H;) as an
example of delocalized local excitations in a bulk solid.'?
Para-hydrogen is the hydrogen molecule whose nuclear spin
function is antisymmetric under the permutation of protons.
Only even rotational quantum number J is allowed for p-H;
according to Pauli’s exclusion principle that requires the total
wave function to be antisymmetric under the permutation of
Fermi particles. Most of the p-H, molecules are thermally
populated in J = Oin the solid state. The isotropy of this J/ = 0
wave function does not induce any electrostatic multipole-
multipole interactions, giving extremely weak intermolecular
interactions. The rotational and vibrational quantum numbers,
J and v, thus remain well-defined even in a solid, and each
molecule in solid p-H, is safely assumed to be freely rotating
and vibrating.?®?” Because of these properties, solid p-Hj is
considered as one of the simplest molecular crystals, and its
vibrons are well known to be “the simplest and most perfect
examples of Bloch states in all of solid-state physics.”?

There have been many high-resolution spectroscopic stud-
ies of ro-vibrational transitions in solid p-H, (Refs. 26-29).
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Some measurements have been made of its coherence
lifetime;3%32 the vibrational coherence lifetime of v = 1 has
been reported to be ~100 ns.>' Here we demonstrate direct
observation and manipulation of quantum interference of these
v = 1 vibrons in p-Hj; that could be resistant to decoherence
in its bulk-solid environment.?®

This paper is organized as follows. In Sec. II, the vibron
wave function in solid p-H; is formulated. The experimental
details are described in Sec. III. The experimental results and
discussions are presented in Sec. IV. Concluding remarks are
given in Sec. V.

II. VIBRONS IN SOLID PARAHYDROGEN

It is experimentally verified in previous spectroscopic
studies that the absorption peak of solid p-H, around
4150 cm~! has finite bandwidth of ~5 cm™! (Ref. 33), and
this corresponds to the band structure composed of multiple
vibrons (v = 1, k) with different k values, where K is the wave
vector of the vibron.”® Based on these previous spectroscopic
studies, it is thus well established that the wave functions
of these vibrons are delocalized over a single p-H, crystal.
Figure 1(a) describes how this delocalized vibron is formed
from vibrationally excited states of isolated molecules. We
start with an ensemble of » noninteracting p-H, molecules,
one of which is vibrationally excited to v = 1. This gives
n energetically degenerate wave functions, each of which is
spatially localized and given by

n
wi=l=[[li=17=0,=0J=0, )
JF#
where v; represents the vibrational quantum number of the
ith molecule. The rotational quantum number J is hereafter
omitted for simplicity. When the molecules form a crystal, the
interaction among these locally excited states gives a vibron
with the Frenkel Hamiltonian! given by

H=Y alvi=0w=1+Y Viu=hy =1, @
i i,j#i
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FIG. 1. (Color) Formation of the delocalized vibron in solid p-H,. (a) A band structure arises from the interaction among many
indistinguishable p-H, molecules, one of which is vibrationally excited. The red and blue spheres stand for the vibrationally excited and
ground-state p-H, molecules, respectively. (b) Every p-H, molecule within a single crystal has an equal probability to be vibrationally excited.
These locally excited states |[v; = 1) (i = 1, ...,N) are coherently superposed to give a delocalized vibron state |[v = 1,k = 0).

where €; is the energy of the locally excited state and
V;; is the vibron-hopping interaction.”” This Hamiltonian
matrix is diagonalized, so that the degeneracy is lifted to
give the band structure composed of delocalized vibrational
eigenfunctions |v = 1,k) with different k values.**3* Within
this band structure of different k states, Raman excitation that
we employ in this study is safely assumed to be allowed only
to the k = O state,

N
1
|v=1,k=0>=ZJ—N|vi=1>, 3)

in which localized v = 1 states at different sites in a single
p-H, crystal are coherently superposed, as schematically
shown in Fig. 1(b).

III. EXPERIMENT

Normal H, was converted to p-H, with a ferromagnetic
catalyst [FeO(OH)] at ~17 K and stored in a stainless
cylinder at room temperature. Gas-phase p-H, was slowly
introduced through a stainless tube into a copper cell (diameter
25 mm, length 8 mm, windows BaF,) attached to a brass cold
plate fixed in the liquid-He open-cycle cryostat (Universal
Cryogenics IRLMEDO7). The temperature of the cell was
controlled between 9.2 K and 9.7 K during the crystallization
of p-H,, which took about 50 min to fill the copper cell,
and then lowered slowly to 5.4 K. The crystal grew radially
inwards from the inner surface of the copper cell. It is known
from previous spectroscopic studies?® that the crystal thus
prepared has the hexagonal close-packed structure with its
¢ axis pointing along the radial direction of the sample cell.
The crystal was totally transparent without any visible cracks,
as shown in Fig. 2(a). The ortho/para ratio in the crystal was

estimated to be ~4.0 x 1073 from the absorption intensity of
the v = 1 vibron band.*

The scheme of the current experiment is shown in Fig. 2(b).
The coherence between the ground state |v = 0) and the
delocalized vibron state |[v = 1, k = 0) was generated with
the femtosecond (fs) pump and Stokes pulses (pulse widths
~30 and ~110 fs, respectively), hereafter referred to as
an “impulsive-Raman-excitation pair” (IREP), whose wave-
lengths were tuned to ~595 and ~796 nm, respectively. Here
the term impulsive stands for simultaneous irradiation of pump
and Stokes pulses.

The pump and Stokes pulses were prepared with a home-
made two-stage noncollinear optical parametric amplifier and
a Ti:sapphire regenerative amplifier, respectively, driven at a
repetition rate of 1 kHz. The delay between these pump and
Stokes pulses was tuned with a motorized stage so that the
excitation efficiency was maximized, accordingly close to zero
in the present IRE scheme in which no resonant intermediate
state was employed. The IREP was introduced collinearly into
a homemade highly stabilized Michelson interferometer to
generate a pair of IREPs with their delay tirg stabilized and
controlled on the attosecond time scale.

Figure 3 schematically describes our interferometer. The
delay tirg was tuned coarsely with a motorized stage (Newport
M-ILS100PP), whereas it was fine-tuned with a piezo stage (PI
P-752.11C); both of those stages were inserted into one arm
of the interferometer. Details of the stabilization of Trg are
given in Sec. IV. The pump pulses were separated from the
Stokes pulses with a dichroic mirror after the interferometer,
and those four pulses of two IREPs were focused into the p-H;
crystal with an off-axis parabolic mirror to induce quantum
interference of the delocalized vibron.

The probe pulse was prepared with an optical parametric
amplifier (Spectra Physics TOPAS) whose output was tuned
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FIG. 2. (Color) Experimental scheme. (a) Snapshot of the p-H,
crystal grown in the cryostat. The dotted circle indicates the p-H,
crystal. (b) A sequence of the laser pulses employed in the present
study to observe and control the interference of the delocalized vibron
state |[v = 1,k = 0). The delay i between the first and second pairs
of the pump and Stokes pulses is stabilized and controlled on the
attosecond time scale, and the coherence which remains after the
second pump-Stokes pair is observed by measuring the intensity of
the anti-Stokes beam induced by the probe pulse.

to ~550 nm with its temporal width of ~60 fs. Its spectral
bandwidth was reduced with a slit combined with a single
grating stretcher and compressor, so that its temporal width
was elongated to ~1 ps. This elongated pulse was used as a
probe pulse to induce anti-Stokes scattering around 450 nm. As
shown in Fig. 2(b), the folded-boxcars geometry was employed
with the present three-color pump, Stokes, and probe pulses.
Their wave vectors and angular frequencies are hereafter
denoted as Kyump and @pump, Ksiokes and wsiokes, and Kprope
and wprope, Tespectively. The coherent anti-Stokes beam with
its wave vector Kas = Kpump — Kstokes + Kprobe and its angular
frequency was = Wpump — Wsiokes + Wprobe Was spatially and
energetically discriminated from the pump, Stokes, and probe
pulses, and its intensity was measured with a CCD camera
(Andor Newton DU-940BU) attached to a spectrometer (TII
M-35011), whose outputs were accumulated for 0.5 s over 500
probe-laser shots to give each data point shown in the present
paper. The intensity of the anti-Stokes beam thus measured
is proportional to the square of the coherence between the
ground and k = 0 vibron states, which is defined to be the
off-diagonal element of their density matrix. Each of the pulse
energies of the pump, Stokes, and probe pulses was less than
0.1 uJ/pulse. The temperature of the crystal was kept constant
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at 5.3 K-5.4 K during the measurements, not affected by the
irradiation of the laser pulses.

IV. RESULTS AND DISCUSSIONS
The quantum state prepared by two IREPs is given by
(. tre)) = [0 = 0) +clv = 1Lk = 0)e (1 4 ¢ ™),
“

where ¢ («1) is the amplitude of the Raman excitation, |[v = 0)
is the ground-state wave function givenby [v = 0) =[], |v; =
0), and w is the angular frequency between |[v = 0) and |v =
1,k = 0) states. It is seen from Eq. (4) that the coherence
between |[v = 0) and |v = 1,k = 0) states oscillates with a
period of 277 /w; as a function of Trg.

Figure 4(a) shows the intensity of the anti-Stokes beam
measured at ~448.7 nm of the spectrometer and plotted as a
function of the delay tirg between two IREPs scanned with the
piezo stage of the interferometer around 10 ps in steps of ~120
as with the probe delay tyope fixed to ~1 ns. The full range of
each abscissa trg of Fig. 4 was calibrated with a reference
interferogram of cw He-Ne laser beams measured with a
photodiode simultaneously with the vibron interferogram.
Those He-Ne laser beams traveled in the interferometer along
their optical paths aligned ~5 mm below those of IREPs. A
sine function was fitted to the reference He-Ne interferogram,
and the period of that fitted sine function was calibrated to be
T = co/A, where ¢ is the speed of light and A = 632.991 nm
is the wavelength of the He-Ne laser beam in vacuum. The
correction thus made to the full range was less than ~1% of
the full range estimated from the piezo movement.

The intensity increases and decreases alternately, showing
a clear beat. A sine curve fitted to the measured beat gives
its oscillation period to be 8.05 fs. This value agrees well
with a value 8.04 fs deduced from the energy spacing w; =
4149.75 cm™! reported in a previous spectroscopic study for
the ground state |v = 0) and the vibron state |[v = 1, k = 0)
(Ref. 28). It is reasonably concluded, therefore, that the beat
shown in Fig. 4(a) is the quantum interferogram of the k >~ 0
vibron delocalized over a single p-H, crystal. We have thus
observed the interference of delocalized local excitations in
a bulk solid for the first time. The dashed horizontal line
represents the intensity of the anti-Stokes beam arising from
a single IRE, which is averaged between two IREPs produced
by the interferometer. The intensity given by the first IREP
should be amplified by the second IREP by a factor of 4 when
the interference is perfectly constructive, since the amplitude
of the k = 0 wave function is doubled, and its modulus square
is measured with the probe pulse. It is seen in Fig. 4(a) that
the ratio of the maximum of the interferogram to the level
of the dashed line, hereafter referred to as a coherent factor,
is ~4, indicating that the interference is almost complete. It
is also seen that the destructive interference suppresses the
signal. The fringe contrast of the interferogram, defined to
be (I —I_)/(I+ + 1), where I, and I_ are the maximum
and the minimum of the fitted sine function, is better than
0.99 for Fig. 4(a). Figure 4(b) shows another interferogram
measured by scanning trg around 500 ps. The coherent
factor remains ~4, showing that the coherence is almost
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perfectly preserved for 500 ps. The period and contrast of
a sine curve fitted to the measured beat are 8.02 fs and 0.93,
respectively, almost the same as those of Fig. 4(a). Similar
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FIG. 4. (Color online) Quantum interferogram of the vibron state
v = 1,k = 0) delocalized in solid p-H,. The delay tirg between the
first and second pump-Stokes pairs is scanned around (a) 10 ps and
(b) 500 ps. The solid curves represent sine functions least square
fitted to the measured interferograms shown with open circles. The
intensities of the anti-Stokes beam arising from a single pump-Stokes
excitation are shown with the dashed horizontal lines for reference.
The full range of each abscissa has been calibrated with a reference
interferogram of He-Ne laser beams measured simultaneously.

interference has been observed in earlier multidimensional
spectroscopic studies.’® Here we have demonstrated such
interferometry for the delocalized local excitations for the first
time.

The high stability and resolution of our interferometer
should enable us to keep the vibron interference locked to
a particular single point in the vibron interferogram such as
shown in Fig. 4. This locking experiment has been performed
with the IRE delay tirg feedback stabilized on the attosecond
time scale. This feedback control was implemented so that
the intensity of the reference He-Ne interferogram was kept
constant. The stability of our interferometer has been evaluated
from the drift of the spectral interferogram of the two pump
pulses taken in another set of measurements shown in Fig. 5.
It is seen that the drift of the spectrum seen in Fig. 5 was
suppressed by the feedback control. The stability is thus
estimated to be +15 as for ~6 min. This locked interference
has been observed in real time with the probe delay Tprope
scanned from —10 ps to 1 ns.

Figure 6 shows the results of this locking experiment. The
red and blue traces show the real-time evolutions of the vibron
interference measured with two trg’s different from each
other by 4 fs, whereas the black trace shows a reference
taken with the second IREP blocked. It is clearly seen that
the interference changes drastically from almost completely
constructive (amplification by a factor of ~4) to destructive
by changing tirg by only 4 fs around trg = 500 ps. The
interference of delocalized local excitations in a bulk solid has
been actively controlled, and its temporal evolution has been
directly observed for the first time.

Recently, the importance of delocalized local excitations
has been discussed extensively in a variety of subjects such
as photosynthesis and quantum information processing. The
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spatiotemporal dynamics of the delocalized local excitations
could be the origin of highly efficient energy transfer in a
photosynthetic complex.?” The delocalized local excitations in
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FIG. 6. (Color) Real-time observation of the actively controlled
quantum interference of the vibron state [v = 1,k = 0) delocalized in
solid p-H,. The delay tirg between the first and second pump-Stokes
pairs is different by 4 fs between the red and blue traces. The black
trace shows a reference taken with the second pump-Stokes pair
blocked. Each trace is an average of three repeated scans, and its
vertical scaling is normalized by its intensities averaged over Tyrope =
0.7-484.3 ps before the arrival of the second IREP.
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an ultracold Rydberg gas gives Rydberg blockade interaction
which is potentially useful to implement quantum gates among
multiple atoms.**3° The present results suggest possibilities to
control those systems coherently.

Our high-fidelity interferometry of delocalized wave func-
tions is not specific to the vibrons of solid para-hydrogen.
Instead it can be applied also to other delocalized local-
excitations in a variety of molecular crystals, whose coherent
lifetimes could be long enough for the conventional fs
lasers.***! Two phase-locked excitations in such interferom-
etry can be spatially displaced to observe spatiotemporal
evolutions of the wave functions in those bulk solids; the
interference is expected to develop as the wave function
produced by the first excitation becomes delocalized to be
spatially overlapped with the second excitation. The coherence
of this delocalized wave function could be actively distorted
by an external field. We have established a method to
distort vibrational coherence in an isolated molecule with a
strong nonresonant fs laser pulse.'> A similar method can be
combined with our high-fidelity interferometry to simulate
the localization of a delocalized wave function in a bulk
solid.*>* There may be, however, better targets of such
measurements than solid para-H,, in which the dynamical
evolutions may be too slow to be observed on our ultrafast
time scales because of its extremely weak intermolecular
interactions.

We have previously demonstrated logic gates with mul-
tiple eigenstates within the iodine molecule.'*!'> Amplitude
and phase information of those eigenstates were retrieved
sequentially by scanning an interrogating laser wavelength.
Our present scheme, however, allows us to retrieve information
from multiple eigenstates simultaneously by dispersing the
anti-Stokes frequencies. Multiple eigenstates (v = 1, J = 0),
(v=0, J=2), and (v=1, J =2) have been coherently
excited by the present IREP although we focused on the
pure vibrational state (v =1, J =0) in this paper. Those
multiple eigenstates could be candidates for such multistate
readout.

V. CONCLUSION

‘We have demonstrated direct observation and active control
of quantum interference of delocalized vibrons in solid para-
hydrogen. The technique developed for this active control is
not specific to the vibrons of solid para-hydrogen. Instead
it can be applied also to other delocalized wave functions
in a variety of molecular crystals, and could be a useful
experimental tool to explore spatiotemporal evolutions of
delocalized wave functions in a bulk solid.
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