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Abstract

Symmetry breaking and the emergence of order is one of the most fascinating phenomena in
condensed matter physics. It leads to a plethora of intriguing ground states found in
antiferromagnets, Mott insulators, superconductors, and density-wave systems. Exploiting states
of matter far from equilibrium can provide even more striking routes to symmetry-lowered,
ordered states. Here, we demonstrate for the case of elemental chromium that moderate ultrafast
photo-excitation can transiently enhance the charge-density-wave (CDW) amplitude by up to
30% above its equilibrium value, while strong excitations lead to an oscillating, large-amplitude
CDW state that persists above the equilibrium transition temperature. Both effects result from
dynamic electron-phonon interactions, providing an efficient mechanism to selectively transform
a broad excitation of the electronic order into a well defined, long-lived coherent lattice
vibration. This mechanism may be exploited to transiently enhance order parameters in other

systems with coupled degrees of freedom.



Main text

The coupling between various degrees of freedom drives the formation of complex orders in
strongly correlated electron systems [1,2]. For instance, charge-lattice coupling creates charge-
density-wave (CDW) order [3,4], while more intricate spin-charge-orbital-lattice coupling leads
to combined charge and orbital order in manganites [5,6], or charge-spin stripe order in
cuprates [2]. Recent studies suggest that spin order can be generated in iron pnictides in
response to excitation of a coherent phonon [7], charge localization can be photoinduced in
charge order systems [8], the superconducting order parameter in cuprates can be enhanced via
suppression of the competing charge order or the transient redistribution of superconducting
coherence [9-11], and hidden electronic states can be dynamically accessed [12—15]. Here we
demonstrate a dramatic transient enhancement of the CDW amplitude in elemental chromium
(Cr) following photo-excitation. This is remarkable because external excitation typically creates
disorder, reduces the order parameter, and raises the symmetry [16—19]. We attribute the
enhancement of the CDW amplitude to the dynamic electron-phonon interaction and

experimentally discern multiple timescales, thus revealing the underlying physics.

The system we studied is a crystalline Cr film, which is antiferromagnetic and exhibits an
incommensurate spin-density-wave (SDW) below the Néel temperature Tn=290+5 K. It also
forms an incommensurate CDW, appearing as the second harmonic of the fundamental SDW
ordering [3] (see Figs. 1 (a) and 1 (b)). The amplitude of the CDW can be directly measured by
x-ray diffraction as the intensity of the corresponding satellite peaks. X-rays are mostly sensitive
to the core electrons and the quantity we observe in our experiment is the elastic component of
the CDW (periodic lattice distortion). Static x-ray data is presented in Fig. 1(c) and reveals that
the CDW has a wave vector normal to the film surface, is pinned by the film surfaces, and is
quantized with 8.5 periods in the film, as expected from earlier studies [3,20,21]. Here, the
satellite peaks form constructive and destructive x-ray interference with the Laue oscillations,
which leads to an increase of the scattered intensity at [0,0, 2-25] or decrease at [0,0,
2+258] [22,23] (26 being the momentum transfer of the CDW). We used short optical laser pulses
to excite ultrafast dynamics in the Cr thin film and the time dependent CDW amplitude was
monitored via ultrafast x-ray diffraction (insets of Fig. 1(c)). The experiment was conducted at

the x-ray free-electron laser at the Linac Coherent Light Source (LCLS) facility [26,27] in



stroboscopic mode. The sample thickness was 28 nm, the optical (x-ray) pulses had a wavelength
of 800 nm (0.14 nm) and a pulse duration of 40 fs (15 fs), and the initial sample temperature was

115K [23].

The time dependent x-ray diffraction signal of the CDW satellite peak at q=2-26 is shown in Fig.
2 and reveals oscillations following photo-excitation (see [23] for Supplementary movies). The
remarkable quality of the data allows unambiguous detection of four different time scales. The
main oscillation has a period of 453+1 fs and is damped with a time constant of 3.0+0.5 ps so
that about 20 oscillations are observed. Strikingly, for low pump fluences the mean of the
oscillation increases rapidly in less than 0.5 ps, whereas for higher fluences it remains fixed at 0
(Fig. 2(b)). The CDW diffraction signal after significant damping of the oscillation (10 ps)
decreases with pump fluence and reaches a value of 0 at 11 mJ/cm®. At q=2+25 an identically
opposite behaviour occurs due to destructive interference and the negative contribution of the
satellite peak [23] (see Fig. 2(b)). A positional shift of the Laue oscillations is observed for high
fluences and shows a period of 8 ps (see Fig. 2(a)). This shift is initiated by the temperature
increase of the lattice, and is used to calibrate the film temperature [23]. In the following we

describe the physical processes that occur on shorter timescales.

The x-ray data measured at specific time delays within the first 0.5 ps is presented in Fig. 3 and
the respective time dependent CDW is schematically depicted in the insets of Fig. 3(a). In the
low-temperature equilibrium state (negative time delay) the x-ray data is consistent with the
presence of the CDW nodes at both interfaces [22]. At a time delay of 0.11 ps after photo-
excitation the dynamic x-ray data is in agreement with static x-ray data recorded above the Néel
temperature Ty and shows an undistorted lattice. At 0.22 ps we observed a reversal of the CDW
amplitude, as revealed by the change of sign of the interference term in the diffraction
signal [22,23]; the CDW still has nodes at the interfaces, however, the amplitude is inverted.
The most striking observation of our study is the transient enhancement of the CDW amplitude
at a time delay of 0.45 ps following moderate laser excitation (Figs. 2(b) and 3). The transient

enhancement is oscillatory and occurs up to a time delay of 4 ps.



The fluence dependence of the pump-probe data reveals that the CDW amplitude is enhanced by
about 30% above the maximum value in equilibrium at a fluence of 1 mJ/cm” (see Figs. 4(a)-(c)).
The experimental observation of the CDW amplitude enhancement was recorded in several
independent measurements: the time traces for different fluences (Fig. 2), the fluence
dependence of the dynamic CDW amplitude (Figs. 4, (a)-(c)), and in the measurements of both
satellite peaks at g=2-26 and q=2+26 [23]. To exclude the possibility of exciting a broad phonon
spectrum [28,29] we measured the transient signal at multiple g-values [23]. Only at the position
of the satellite peak do we see an oscillation of the scattering intensity. This demonstrates that for
low fluences no significantly excited lattice vibrations occur, apart from the CDW, and that the

enhancement of the CDW amplitude is due to the pre-existing CDW in the film.

We attribute the enhancement of the CDW amplitude to dynamic electron-phonon interaction
and present a model for the underlying physical processes in Fig. 4(d). The model is
corroborated by fits to the data based on the theory of displacive excitation of coherent
phonons [23,30-32]. We start with the low-temperature ground state (see Fig. 4(d), 1<Ops),
where the electronic order and electron-phonon coupling are responsible for the presence of the
static CDW [3]. The schematic potential energy surface (blue) for the CDW amplitude, A, is

centred at Ap>0, its value in the low-temperature ground state (see also Fig. 1(b)).

The photo-excitation creates hot charge carriers with temperatures well above Tx within less than
50 fs [23,33], the electronic order is partially suppressed, and the electronic and lattice degrees
of freedom are partially decoupled (see Fig. 4(d), ~Ops). The lattice distortion is still frozen,
however, the potential energy surface has a new transient minimum at A, (red dashed) with a
smaller or vanishing mean CDW amplitude due to the quenched electronic order. The lattice
mode is thus released and starts oscillating. The frequency of this coherent lattice oscillation
(v=2.21 THz) is in agreement with the frequency of the longitudinal acoustic phonon at the
corresponding wavelength measured in bulk chromium [34]. The initial drop of the CDW
amplitude after 0.22 ps saturates at a fluence of 4 mJ/cm® (Fig. 4 (c)) and A does not decrease
below a value of -0.9. Therefore the amplitude A;=0 in Fig. 4 (d) limits the initial displacement
of the potential energy surface, indicating that only the pre-loaded energy due to the frozen

phonon is released via quenching of the electronic order.



Surprisingly, for low fluences (smaller than 4 mJ/cm”) we observe a dramatic deviation from the
conventional model for displacive excitation of coherent phonons: here the minimum of the
potential energy surface rapidly shifts back towards the initial ground state, Ay (see Fig. 4(d),
T~tep) [35]. To reproduce this essential feature of our data we added a superimposed exponential
relaxation of the displacive component to the fit [23]. The time constant for this relaxation was
determined to be 300 fs, in good agreement with the carrier-lattice thermalization time measured
by optical reflectivity [33]. Therefore our analysis indicates that while the carriers cool down
below Tx the electronic ordering is re-established and pulls the quasi-equilibrium minimum of
the potential energy surface towards higher values. In other words the electronic and the lattice
degrees of freedom re-couple within less than 0.5 ps. This ultrafast backshift and the weak
damping of the lattice oscillations about the dynamic quasi-equilibrium are the essence of the
transient enhancement of the CDW amplitude (see Fig. 4(d), ™t.,). The enhancement at 0.45 ps
is maximized at a fluence of 1.2 mJ/cm® (see vertical dashed line in Fig. 4(c)), which is
coincident with the zero crossing of the CDW amplitude at 0.22 ps and indicates lattice-assisted

re-condensation of the electronic ordering.

The relaxation time is slightly increasing with pump fluence, which is qualitatively supported by
calculations within the two-temperature model [23,33,36-38], i.e. for increased fluences the
carrier temperature stays longer above Tn. At even higher fluences, when the quasi-equilibrium
temperature after carrier-lattice equilibration approaches or exceeds Ty, no shift of the potential
energy surface occurs and the CDW amplitude oscillates around zero, the value it would assume
in equilibrium above Ty (Fig. 2(b)). Since damping is also remarkably weak in the strong
excitation regime, the CDW amplitude oscillations can persist above Ty. It is worth noting that
the data measured with 1mJ/cm® in Fig. 2(b) could very likely be interpreted in terms of an
impulsive excitation of the coherent phonon mode, i.e. excitation without displacement of the
potential energy surface, whose characteristic signature is a sine-type oscillatory behaviour [39].
The high fluence data, however, clearly show that the coherent phonon is driven by a displacive
excitation (cosine-type behaviour). The correct interpretation relies on the dynamical picture

introduced in Fig. 4(d) and the re-forming of the electronic ordering is indispensable in



explaining the CDW amplitude enhancement because the amplitude of the lattice oscillation is

always smaller than the initial suppression of the mean value (see Table S1).

The damping time constant of the coherent lattice oscillation is about 3 ps and independent of the
fluence. This surprisingly long time scale indicates anharmonic phonon-phonon interaction as the
dominant decay channel. Electron-hole pair excitation, which typically leads to strong damping
of order-parameter oscillations in strongly correlated electron systems [32,40,41], is expected to
be ineffective here because of the SDW gap in the electronic spectrum [42]. Due to ultrafast
carrier cooling and recondensation in the lattice distortion potential, this gap will quickly reopen,
even after a complete quench of the electronic order [17]. Moreover, it is likely to persist above
Tx in the form of a pseudogap due to incipient magnetic order [42]. Finally, the period of the
lattice oscillation is much shorter than the damping time and also does not depend on
fluence [23]. Thus, the Cr system studied here essentially represents an effective converter of an
electronic excitation into a well-defined, long-lived CDW amplitude oscillation: an oscillation
that leads to a significant transient enhancement of the CDW amplitude and that can even persist
above the equilibrium transition temperature. We anticipate that other sorts of excitation would

lead to similarly well-defined and persistent oscillation of the CDW amplitude in this system.

In summary, by using the unique capabilities now possible with the hard x-ray free-electron
lasers we directly observe a dramatic enhancement of the CDW amplitude in chromium
following photo-excitation: 30% above its maximum value in equilibrium. We identify the
ultrafast underlying physical processes by discerning multiple timescales and explain our results
by three main processes, referred to as “dynamic electron-phonon interaction” throughout the
letter (I) the photo-induced quench of the electronic order unfreezes a coherent lattice oscillation
(IT) the mean amplitude of this lattice oscillation is increased due to the ultrafast re-condensation
of the electronic order (III) the re-ordering of electrons is assisted by the still present lattice
distortion. The rapid electronic re-condensation is evidenced by both the ultrafast backshift of the
mean of the oscillation and the weak damping of the oscillation due to the reopening of the
electronic gap. An interesting further question is whether the dynamic electron-phonon

interaction can be combined with repeated photo-excitation to maintain the coherent lattice



oscillation or to achieve an even higher enhancement of the CDW amplitude [43,44]. Our results
also raise fundamental questions regarding the dynamics of the magnetic ordering and the
electronic structure of the system. Finally, we anticipate that the enhancement of an order
parameter via dynamic interaction of various degrees of freedom is a general phenomenon and
can be observed and studied both theoretically and experimentally in a variety of systems

including topological insulators [45] and strongly correlated electron materials [8].
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Fig. 1: X-ray diffraction data (Color online). (a) Schematic real space representation of the atomic positions in Cr
in the presence of a CDW. The corresponding charge density modulation with the CDW amplitude, A, and the
scattering geometry are also shown. (b) The potential energy surface for the CDW amplitude A. In the low
temperature ground state the potential energy surface is shifted towards a non-vanishing value due to the electron
phonon (e-p) coupling. (¢) X-ray diffraction from a Cr thin film recorded with synchrotron radiation around the
(002) Bragg peak (in photons per second) measured at a film temperature of 115 K. The intensity is increased
(reduced) at the positions of the CDW satellites for low (high) q values (indicated by arrows). Insets: Diffraction
patterns collected with the x-ray free-electron laser at different momentum transfers g=2-26 and g=2+23 in the

ground state, corresponding to different incident angles of x-rays.
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Fig. 2: Time resolved x-ray diffraction data (Color online). (a) Time dependence of the intensity in the vicinity
of the CDW satellite at g=2-28 (see Fig. 1) for a series of pump fluences (incident, p-polarization). (b) The black
and red lines show the normalized transient intensity difference Alcpw(Tt)=(Icpw(T)-IrT)/|Icow.o-IrT| at g=2-25, where
Icpw is the data in (a), Irr was measured at room temperature above Ty without CDW, and Icpw, was measured in
the low temperature ground state. The intensity difference rises above its initial value of one for low fluences and

drops below zero as the fluence increases (indicated by arrows). The blue line shows Alcpw(t) at g=2+28 for a

fluence of 2 mJ/cm? and starts at -1 due to destructive interference.



Fig. 3: Interpretation of the x-ray data (Color online). (a,b) X-ray data around q=2-25 (a) and the integral along
the vertical direction (b) in photons per second recorded at time delays T, before 0 ps (blue solid line), T;=0.11 ps
(black dashed line, 5 mJ/ecm?), ©,=0.22 ps (magenta squares, 5 mJ/cm?), and ©;=0.45 ps (red circles, ImJ/cm?). The
time delays represent significant instants in the first period of the oscillation in Fig. 2. Insets in (a) Schematic
representations of the charge density modulation that are consistent with the x-ray data for different time delays. The
charge density at 0.11 ps is similar to the room temperature case, where no CDW is present. The scale bar in (a)

shows 0.025 A™".
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Fig. 4: Enhancement of the CDW amplitude (Color online). (a,b) The normalized intensity of the CDW satellite
peak (see caption of Fig. 2) as a function of the pump fluence and time delay for q=2-28 (a) and q=2+28 (b). (¢) The
transient amplitude of the CDW at 0.22 ps (top, first minimum of the oscillation in Fig. 2) and 0.45 ps (bottom, first
maximum of the oscillation in Fig. 2) extracted from (a) and (b) (average of the line scans along the white lines in
a,b). (d) A schematic illustration of the mechanism behind the enhancement of the CDW amplitude due to dynamic
electron-phonon interaction. The potential energy surfaces are drawn for the dynamic CDW amplitude, shown on
the horizontal axis. A, is the amplitude of the CDW in the ground state, A, is the quasi equilibrium position after the
excitation, and A is its position after 10 ps. The transient amplitude A(t) was fitted by the following equation
A(1)=Af+ B-cos(2'mt’/1p)-exp(-1’/1p) - C-exp (-T°/1¢p), Where A is the final amplitude of the CDW at 10 ps, B is the
amplitude, tp the period, tp the damping time of the oscillation, t’=t-1, 7 is the offset of the oscillation, C=Af -A;,

and t., is the decay time for the shift of the quasi equilibrium towards A [23]



