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Phonon-assisted formation of an itinerant
electronic density wave

Jiaruo Li® !, Oleg Yu. Gorobtsov!, Sheena K. K. Patel?, Nelson Hua3, Benjamin Gregory1, Anatoly G. Shabalin3,
Stjepan Hrkac3, James Wingert3, Devin Cela3, James M. Glownia?, Matthieu Chollet?, Diling Zhu?,
Rajasekhar Medapalli?>, Eric E. Fullerton® 2, Oleg G. Shpyrko3 & Andrej Singer® '™

Electronic instabilities drive ordering transitions in condensed matter. Despite many advances
in the microscopic understanding of the ordered states, a more nuanced and profound
question often remains unanswered: how do the collective excitations influence the electronic
order formation? Here, we experimentally show that a phonon affects the spin density wave
(SDW) formation after an SDW-quench by femtosecond laser pulses. In a thin film, the
temperature-dependent SDW period is quantized, allowing us to track the out-of-equilibrium
formation path of the SDW precisely. By exploiting its persistent coupling to the lattice, we
probe the SDW through the transient lattice distortion, measured by femtosecond X-ray
diffraction. We find that within 500 femtoseconds after a complete quench, the SDW forms
with the low-temperature period, directly bypassing a thermal state with the high-
temperature period. We argue that a wavevector-matched phonon launched by the quench
changes the formation path of the SDW through the dynamic pinning of the order parameter.
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density waves (CDW)!: a spinless one-dimensional electron

gas described by the Frohlich-Hamiltonian is intrinsically
unstable to the doubling of the unit cell. The spectrum of exci-
tations develops an energy gap, and a CDW forms if the
energy gain from the electronic instability is larger than the
strain energy of the coexisting lattice distortion? (see Fig. 1(a)). A
one-dimensional electron gas with spins described by the
Hubbard-Hamiltonian develops a spin density wave (SDW),
whose existence requires no lattice distortion?. In multi-
dimensional systems, nesting between planar sections of the
Fermi surface stabilizes density waves®. Nevertheless, their
explanation remains incomplete; especially the role of collective
excitations during the density wave formation remains elusive.
The ionic lattice distortions are necessary for the existence of
CDWs®. Yet quasi-static measurements in chromium (Cr)—a
prototypical system hosting a classical SDW, CDW78, a
pseudogap®, and a quantum critical point!%—assign the dominant
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Fig. 1 Time-resolved measurement of the electronic order formation in
presence of acoustic phonons. a The laser pulse quenches the spin density
wave (SDW), which is coupled to the periodic lattice distortion (PLD) (solid
line on the left), and launches a pair of longitudinal acoustic phonons
(atomic positions (blue spheres) and their wavevector (black arrows)).
Subsequently, the SDW bandgap (schematic energy diagram on the right)
reopens and the coupled SDW-PLD state reforms in presence of the
phonons. b Typical time-resolved X-ray diffraction data of the coherent
satellite-peak (purple dots) for an incident pump fluence of 2 mJ/cm?2. The
data is fitted (purple solid line) with a damped harmonic oscillator in region
Il (blue shaded area), the fit is extrapolated to region | (red shaded area),
and the extrapolated fit is subtracted from X-ray diffraction data. The
residual is shown in orange and is proportional to the transient PLD
amplitude coupled to the SDW through spin-lattice interaction. The inset
shows typical diffraction data as measured on the two-dimensional
detector for a single time delay. The coherent satellite-peak is in the center
at Qooz- QL =4.17 A-1, the image spans 0.14 A~ horizontally, and the
intensity drop towards the sides of the detector is due to the Ewald sphere
intersecting the Bragg rod under an angle of 30 degrees.

role in electronic order formation to the itinerant instability with
little impact from the ionic lattice!l.

Laser-induced quench and subsequent recovery of density
waves offer a unique opportunity for studying the mechanisms of
order formation in correlated systems!2-14, A short laser pulse
causes a spike in the electron temperature through the
photon-electron interaction, which leads to density wave melting
within 100 fs!2. As the electron gas’s heat capacity is typically
much smaller than that of the ionic lattice, the electronic sub-
system cools via the electron-phonon interaction!®, and the
density wave recovers within picoseconds!#15. Often, a phe-
nomenological description using the temperatures of different
degrees of freedom captures the main features of the transition!4.
Here, we study the femtosecond quench and subsequent recovery
of the SDW in Cr mediated by the generation and damping of an
acoustic phonon (see Fig. la). We find the phenomenological
Landau-model insufficient in describing the experimental obser-
vations. After a full quench induced by an electronic temperature
increase of a few hundred kelvin above the Néel temperature, the
SDW bypasses a state predicted by the model and observed
experimentally in equilibrium. The SDW directly transitions into
the low-temperature state. We hypothesize that the wavevector-
matched acoustic phonons, launched by the laser quench, guide
the system along a non-equilibrium path in the free-energy dia-
gram. Measurements with two precisely timed pump-pulses
support our hypothesis of phonon-assisted SDW formation.

Results

Time-resolved femtosecond X-ray diffraction. In a 28 nm thick
epitaxial Cr film held at 115K, the SDW ordering wavevector is
perpendicular to the film surface, (001). The periodic lattice
distortion (PLD)—the second harmonic of the SDW7—is
incommensurate with the lattice and generates two diffuse X-ray
scattering peaks around the 002 Bragg peak at a momentum
transfer of Qg = Q. The interference between the diffuse scat-
tering and Laue fringes results in coherent satellite-peaks (see
Supplementary Note 1 and Supplementary Fig. 1). We excite the
system with 45 fs full width at half maximum (FWHM) optical
laser pulses (A =800 nm, see Fig. 1a) and monitor the satellite-
peak intensity at Qgoy- Qp with ~10fs X-ray laser pulses
(A =1.4 A)141617 (see Fig. 1b and Methods). The time-dependent
intensity consists of two components, an oscillation and an
asymmetric distortion that is only present for time delays smaller
than one ps (see Fig. 1b).

We analyze the time-resolved X-ray data by splitting it into two
intervals (see Fig. 1(b)). In interval II (1 ps < ¢ < 5 ps, blue shaded),
we model the satellite-peak intensity as a damped harmonic
oscillator

I(QOO2 -Q, t) =Ip+ 1y~ cos(a)(t — to)) . exp(—(t — to)/l‘D)7
(1)

where the fitting parameter Ir describes the baseline around
which the intensity oscillates, and In, w, to, and tp are the
oscillation’s amplitude, frequency, time offset, and damping time.
To extract the non-oscillatory, asymmetric component of the
PLD, we extrapolate the fit to shorter timescales (interval I:
O0ps<t<1ps) and subtract it from the data. The residual is the
baseline around which the satellite-peak harmonically oscillates
(see Fig. 1b, orange line).

Tracking the harmonic lattice vibration for probing the density
wave order parameter. The coherent satellite-peak intensity is
proportional to the amplitude of the dynamic PLD!® (see Supple-
mentary Note 1), allowing us to quantitatively extract the dynamic
lattice distortion A, (t) directly from the X-ray data. The harmonic
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Fig. 2 Fluence-dependent phonon dynamics and electronic order recovery. a Time-resolved total displacement A, (t) normalized by the ground state
periodic lattice distortion (PLD) amplitude A(t)/A o5 (Proportional to the X-ray satellite-peak intensity) as a function of the laser pump fluence shown
as a color scale difference (color scale shown above the graph). b The amplitude of the transient order parameter, A, (1), normalized by the amplitude in the
ground state, Aw,GS = Aot.cs: and shown for three different incident fluences: 1 mJ/cm? (blue), 3 mJ/cm? (green), and 5 mJ/cm? (red). The inset shows the
transient PLD amplitude for all fluences measured in a as a color scale difference (color scale shown above the right inset). ¢ The spin density wave (SDW)
quench amount AA, = Aw(Ops) — AW(OJps) (blue squares: data from a and green circles: higher statistics data) and the recovery amount (orange stars)
determined from the transient PLD amplitude shown in b. The amplitude of the phonons (standing wave) A, is also shown (mag]enta crosses). d The
)

recovery time determined as the area indicated in the left inset in b, where ’Zw: [A,(t —0.1ps) — A, (0.1ps) / A,(2ps) — A,(0.1ps

is integrated from O

to 1ps. We choose the area because the exponential fit poorly reproduces the data at higher fluences due to the shoulder feature and the flat region. The
uncertainty in b, ¢, d is estimated as the standard deviation of the data at time delays above 1ps, where we expect the residual between the harmonic

oscillator fit and the data to be zero.

oscillation of the satellite-peak intensity is consistent with an
amplitude mode of the PLD®—equivalent to a standing wave con-
sisting of two damped counterpropagating longitudinal coherent
acoustic phonons. The laser quench launches an oscillating standing
wave in the lattice with a wavevector, Q, of the pre-existing static
PLD—the laser pulse releases the previously “frozen-in” standing
wave!4, By subtracting the harmonic oscillation from the total dis-
placement, we determine the transient lattice displacement, A, () =
Agy(t) — Apcos(w(t — tg))exp(—(t — t)/tp), around which the
lattice elastically oscillates with the initial amplitude Ay, (see Fig. 2b
and Methods). X-ray diffraction measures the lattice distortions and
does not directly measure itinerant electrons. Nevertheless, through
spin-lattice interactions, the measured transient, non-oscillatory
lattice distortion A, () probes the transient itinerant SDW order.
The order parameter, A,(f) displays a quench, followed by a
recovery (see Fig. 1b).

Figure 2a shows the time-dependent intensity of the coherent
satellite-peak as a function of the pump fluence. We first
determine the phonon dynamics for each pump fluence by fitting
the time-trace in interval II (1 ps <t < 4.5 ps). While the phonons'
frequency (2.27 THz) and its damping time (3 ps) are indepen-
dent of the fluence, the phonons' maximum amplitude increases
with fluence. At 3.5 m]/cm? and above, the laser pulse launches
the standing wave with the highest amplitude possible—
approximately equal to the pre-quench amplitude of the PLD!4
(see Supplementary Note 2, 3 and Supplementary Fig. 2a). All
data collected for > 1 ps is consistent with a damped harmonic
oscillator, suggesting no phonon anharmonicity for all measured
fluences.

Dynamics of the transient density wave order parameter. The
precise measurement of the oscillatory lattice distortion in the
time domain allows us to extract the subtle non-oscillatory lattice
distortion that couples to the transient electronic order. For all
measured fluences, this transient order parameter, A, (), displays
a quench followed by a recovery (see Fig. 2b). The amount by

which the transient order reduces, AA,, grows monotonically
with the fluence before it saturates at a fluence of 3.5 mJ/cm? (see
Fig. 2¢). The saturation signifies the critical fluence beyond which
we observe a full quench of the order parameter, likely because
the electronic temperature rises above Ty at this critical fluence!4.
A complete quench also yields a standing wave with the max-
imum amplitude (see Fig. 2c and Supplementary Fig. 2a). While
the recovery is monotonic for lower fluences, our data displays a
“shoulder” for high fluences. A possible explanation for the
shoulder is the phonon frequency dependence on charge carrier
density, reported in a semimetal after the optical quench!$. In
metallic Cr, the magnitude of the carrier release is likely too small
to modify the phonon frequency. Alternatively, no SDW recovery
occurs at carrier temperatures above Ty leading to a discontinuity
of the SDW recovery when the carrier temperature falls below
Tn'?. Finally, the total PLD amplitude A,,(#) becomes negative at
~0.2 ps for high fluences (see Fig. 2a) when the atomic dis-
placement passes through equilibrium (undistorted lattice) and
the argument in the cosine approaches 7 (see Eq. 1). The shoulder
feature occurs at 0.4 ps, where A, ,(f) becomes positive, indicating
a strong coupling between the dynamic lattice distortion and the
SDW recovery.

The order recovery time increases approximately linearly in the
whole fluence range of 0-5.5m]J/cm? (see Fig. 2d). Yet the
observed laser-induced dynamics of the lattice in our experiment
remain exceptionally fast; the order vanishes within 100 fs and
recovers within 500 fs, even at the highest measured fluences
when the SDW and its coupled structural component are fully
quenched (see Fig. 2b, highest fluence). In our experiment, X-ray
diffraction is sensitive to the phase coherence of the density wave:
disorder would broaden the satellite-peak and reduce its intensity
at a fixed Q = Qqo, — Qr- The recovery of a coherent density wave
in Cr is a few times faster than the recovery of phase coherence in
other density-wave-systems after a full quench of the structural
component?9-22, Nicholson!® directly measured the SDW gap in
Cr using time-resolved angle-resolved photoemission spectro-
scopy (tr-ARPES). Strikingly, our X-ray diffraction data and tr-
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Fig. 3 Landau model of the electronic order parameter and its ordering
wavevector. a The Landau free-energy, F(w, Qm), as a function of the
transient temperature of the electron gas, T, and the order parameter v,
shown for the wavevector Q,, that minimizes the free-energy (color scale
shown at the top). b The free-energy F(u/m, Q) as a function of the electronic
temperature, T, and wavevector Q, shown for the order parameter v, that
minimizes the energy (color scale shown at the top). In a and b, the equili-
brium (gray dashed line) and non-equilibrium (red solid line) paths during
order formation are shown. ¢ The wavevector dynamics revealed through
measuring the satellite-peak intensity and position: in equilibrium, the spin
density wave (SDW) forms with a smaller wavevector Q and then transitions
to Q via an abrupt (first-order) phase transition (consistent with the energy
barrier indicated by the gray dashed line in b. Out-of-equilibrium, the order
immediately forms with Q, bypassing the state at Qn (see red line in b).

d A schematic phonon distribution during the formation of the SDW: in
equilibrium the SDW forms at the Néel temperature (Tiaiice = T, top, gray),
and out-of-equilibrium the SDW forms at a lower lattice temperature

Tattice < Ty @and in presence of wavevector-matched acoustic phonons at

Q, (red, bottom).

Q

L

ARPES show nearly identical time dependence, indicating
persistent spin-lattice coupling out-of-equilibrium. It is this
persistent coupling that we initially discover and then exploit to
relate the SDW to the transient lattice distortion and to measure
femtosecond dynamics of the SDW order parameter and
wavevector with non-resonant X-ray diffraction.

Phonon-assisted density wave recovery. In the thin-film studied
here, the interfaces restrict the temperature-dependent SDW
period in Cr” to two distinct values?3. During quasi-static cooling,
the SDW forms at Ty = 290 K with the wavevector Qg (7.5 PLD-
periods across the film). At 230 K, the wavevector changes to Q.
(8.5 PLD-periods across the film) through an abrupt phase
transition?>. We correctly reproduce the quasi-static behavior
using a phenomenological Landau model (see Fig. 3a, b and
Methods)10-11:1324-26  The superb momentum resolution of
X-ray diffraction allows us to track the wavevector of the SDW
during its formation out-of-equilibrium. Surprisingly, after a full
laser quench, we observe no satellite-peak at Qqo, — Qp: the SDW
immediately forms with the low-temperature wavevector Qy, (see
Fig. 3b). The system directly bypasses a state expected from the
free-energy diagram (compare gray and red lines in Fig. 3b, c).
Additionally, the order recovers within 500 fs, suggesting the
absence of an abrupt phase transition, which typically occurs on a
significantly longer timescale (~100 ps)27-28,

The addition of the wavevector shows that the Landau theory
recently extended to ultrafast transitions may be inconsistent with
experiments in the presence of collective vibrations. In
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Fig. 4 Testing the hypothesis of the phonon-assisted electronic order
formation by using two pump-pulses. a Typical time-resolved total
displacement A, /Ay, gs Normalized by its value in the ground state for two
pump pulses arriving as indicated. The second pulse changes the

phonon amplitude2®. b The density wave recovery time, 7, as a function of
the phonon amplitude, A, /A, g5 normalized by the order parameter in the
ground state, both measured after the arrival of the second pump pulse.
Each pair of values is determined from a fit to the data measured with a
fixed time delay between the two pump pulses; the analysis procedure is
identical to the analysis used for single-pulse data (see Eq. (1)), with taking
the arrival of the second pulse as time zero. The red line shows a linear fit
with T(Aph/Aw_GsP = b(Aph/AW_GS) + ¢, with b= —0.046 and ¢ = 0.35.
The dashed gray lines indicate the prediction intervals of the fit. Inset: The
quench after the second pulse as a function of the phonon amplitude: the
second pulse induces the same quench independent of the phonon
amplitude. All pump-pump delays are larger than 0.5 ps, ensuring the
electron-lattice equilibration completes before the second pulse arrives.
Both pump pulses have the same intensity, 1mJ/cm?2, which only partially
quenches the spin density wave.

equilibrium, the SDW forms in the presence of Bose-Einstein-
distributed phonons at Ty. Out of equilibrium, the SDW forms at
a lattice temperature lower than Ty and in the presence of
wavevector-matched phonons at Q, (see Fig. 3d). We hypothesize
that the non-equilibrium phonon distribution dynamically pins
the SDW through maintaining a periodic potential in the absence
of the order parameter, thus modifying its formation pathway in
the free-energy landscape. We test our hypothesis of the phonon-
assisted SDW formation by exciting the system with two
sequential laser pulses, which we showed can be used for
controlling the vibrational state?®. Each laser pulse launches a
standing wave, and the delay between the laser pulses modifies
the phase shift between the two standing waves and the amplitude
of their harmonic superposition (see Fig. 4a). Varying the laser
pulse delay by only 200 fs changes the superposition’s amplitude
from 0 to 1.6 times the amplitude of the pre-quench PLD
(see Fig. 4b, inset)2°. When the laser pulse delay is larger than the
SDW recovery time, the SDW recovers before the second pulse
arrives, and we expect the second SDW-quench to be indepen-
dent of the delay. Yet after the second quench, the SDW recovers
faster for a larger phonon superposition amplitude (see Fig. 4b,
Supplementary Note 4, and Supplementary Fig. 3a, b) (both the
phonons' amplitude and recovery time are periodic functions of
the pump-pump time delay (see Supplementary Note 4 and
Supplementary Fig. 3¢, d)), supporting our hypothesis of the
phonon-assisted SDW formation.

Conclusions

In conclusion, our results show how a coherent ionic lattice
vibration markedly modifies the pathway and the timescale of an
electronic phase transformation, highlighting the opportunity for
using collective excitations to guide electronic instabilities. Fur-
thermore, we demonstrate how persistent spin-lattice coupling
and non-resonant diffraction at X-ray lasers enable momentum-
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resolved interrogation of the transient electronic order in the
presence of collective excitations.

Methods

Pump-probe X-ray measurements. The Cr film studied in this work was
deposited onto a single-crystal MgO (001) substrate using DC magnetron sput-
tering at a substrate temperature of 500 °C and annealed for an hour at 800 °C. The
growth process was optimized to yield both a smooth surface and good crystal
quality of the sample. The film thickness was determined to be 28 nm by X-ray
reflectivity. The Néel temperature of a thin film is 290 K (see also refs. 1417). The
pump-probe experiments were carried out at the XPP instrument of the LCLS with
an X-ray photon energy of 8.9 keV, selected by the 111 diffraction of a diamond
crystal. X-ray diffraction around the 002 Bragg peak (26 = 60°) from each pulse
was recorded by an area detector (CS140k) with a repetition rate of 120 Hz. Owing
to the mosaic spread of the crystal in the film plane, several Laue oscillations appear
on the area detector simultaneously. The satellite-peak intensity is defined as the
normalized difference between the intensity in the ground state and the intensity in
absence of the PLD. We determine the latter as the intensity at t=0.1 ps for
highest fluence, where the PLD crosses zero amplitude at high fluences. This
normalized intensity is directly proportional to the total amplitude of the periodic
displacement!®. About 100 pulses were recorded for each time delay (30 fs steps in
the time traces). For each time delay, the intensity was corrected for dark noise and
normalized by the intensity measured in the region of the area detector where Laue
oscillations were absent. The sample was excited by optical (800 nm, 45 fs),
p-polarized laser pulses propagating nearly collinear with the X-ray pulses. The
temporal resolution was estimated to be ~50 fs. The spot sizes (cross-section,
FWHM) of the optical and X-ray pulses were 0.46 mm (H) x 0.56 mm (V) and
0.2mm (H) x 0.2 mm (V), respectively.

Determining the order parameter from X-ray data. The laser pulse interacts
with the carriers, raises their temperature, and perturbs the SDW. Because in thin
metallic films the heat flow occurs at the Fermi velocity!®, within ~30 fs the
inhomogeneities in the excitation profile due to the limited penetration depth
vanish. We assume that the laser quench launches the phonons (standing wave)
and that the order parameter’s recovery has no impact on phonon amplitude and
frequency. The uncertainty of our approximation is about 10% of the order
parameter because the maximum slope of the recovery is about three times smaller
than the maximum slope of the phonon oscillation (proportional to the velocity of
the oscillating atoms), adding about 10% to the phonon energy (proportional to the
atomic displacement). We chose the robust regression fit with the least absolute
residual method to minimize the outlier’s influence and choose the upper and
lower limits according to direct observation on the data shape. In the fit, different
lower bounds for the harmonic oscillator fit ranging from 1 to 2 ps yield similar
results. We subtract the extrapolated fit from the data, then add the PLD value at
4 ps to the residual. After 4 ps, the PLD represents an order parameter recovered to
its new equilibrium value (slightly heated system). For fluences at around 11 mJ/
cm? this PLD amplitude vanishes'4, indicating the absence of the order parameter
recovery because the system remains above the Néel temperature (Ty) (see Sup-
plementary Note 2 and Supplementary Fig. 2b), in agreement with mean-field
theory>30. In summary, we describe the total measured dynamic periodic lattice
distortion by

A(D) = A, (1) + Ay, - cos(w(t — 1)) - exp <7 ! : t0>
D

The subsequent heat transport from the film into the substrate occurs in
~0.3 ns'®. The laser fluence was determined by comparing the data directly with the
published data on the exactly the same films, where the fluence was determined by
using the Bragg peak position as a thermometer!4.

Landau-theory modeling. We use the Landau theory developed by McMillan for
describing density waves3!. It describes how density wave systems evolve micro-
scopically, agrees with experiments in multiple CDW systems and SDW in Cr
under quasi-static and pressure-driven conditions!®!!, and was recently extended
to ultrafast transitions!>24. We adapt the free-energy density to a thin-film Cr
introducing terms similar to ref. 10 as

F(x) = ay® + by* + CE‘VI{/|2 + ey?| Vg — q‘z + fy'cos(2¢ — Gx)

where ye® is the complex SDW order parameter with the real amplitude y
(proportional to A,) and phase ¢. Here, q is the natural nesting SDW wavevector
given by the electronic instability, G the wavevector enforced by boundary con-
ditions, and a, b, ¢, d, e, f the coefficients. The first two terms are the second-order
free-energy expansion of Landau theory. We assume a =g, (TE-TN), where T, is
the transient temperature of the electron gas, Ty is the Néel temperature, and b, c,
d, e, f are temperature independent. The third term is electronic energy from finite
spatial correlation length. We neglect the third term by assuming y is uniform
across the thin film, Vy = 0. The fourth term is the energy cost of changing SDW
wavevector from the natural wavevector.

We use the fifth term to model the energy of the lock-in to the boundary
conditions (possibly by impurities at the interfaces®?), which restrict the available

wavevectors of the SDW in a thin film. Specifically, we do not use G as a reciprocal
space vector®!, we use G = Q; and G = Qy, to enforce the pinning by the interfaces.
We replace the last term with f; y*cos(2¢ — 2Q,x) + f;y*cos(2¢ — 2Qyx),
Vz,! > [fH| This modification of McMillans formalism allows us to reproduce the
experimentally observed quasi-static temperature dependence: the SDW forms with
Qg and subsequently transitions to Q;, via an abrupt phase transition evidenced
through an energy barrier.
We integrate free-energy density F over the film thickness L by using ¢ = Qx
and find
F(y,Q) = L(ay? + by* + c&[ Vy[* + ey|Q - g +pfyf mEHQ Q)
2(Q-@)
4sin(2L(Q — Qy))
2(Q-Qy)
The above equation is used to calculate the free-energy surface shown in Fig. 3a,
b. We parametrize the model with the transient electronic temperature, T.: the
electrons thermalize within few tens of fs after photoexcitation and remain
thermalized among themselves during the electron phonon equilibration time!®.
The total system remains out of equilibrium because the lattice temperature
Tlattice Stays lower than the transient electronic temperature T, and only increases
within ~0.5 ps during the electron-phonon coupling!®1?. The transient change of
the electronic temperature is ~5 times larger than the change in the lattice
temperature!419, For a given transient electronic temperature (value of a) and each
value of the order parameter y, we minimize F(y, Q) as a function of Q to
determine the path of Q during the formation of the density-wave. Figure 3a shows
this minimized F(y, Q,,), which is dominated by the competition between the first
two Landau terms. Similarly, for a given temperature and each value of the
wavevector Q, we minimize F (u/, Q) as a function of y. Figure 3b shows this
minimized F (wm, Q) — Fpin(¥,,> Q,)- This function displays the competition
between the natural wavevector ¢, and the two wavevectors restricted by the film
geometry. As only two values Qg and Q; are possible, switching between the two
requires overcoming an energy barrier.
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Data availability

Raw data were generated at the Linac Coherent Light Source (LCLS), SLAC National
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study are available from the corresponding author upon request.
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