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Abstract 

We report femtosecond resonant soft X-ray diffraction measurements of the dynamics of 

the charge order and of the crystal lattice in non-superconducting, stripe-ordered 

La1.875Ba0.125CuO4. Excitation of the in-plane Cu-O stretching phonon with a mid-infrared 

pulse has been previously shown to induce a transient superconducting state in the closely 

related compound La1.675Eu0.2Sr0.125CuO4. In La1.875Ba0.125CuO4, we find that the charge 

stripe order melts promptly on a sub-picosecond time scale. Surprisingly, the low 

temperature tetragonal distortion is only weakly reduced, reacting on significantly longer 

time scales that do not correlate with light-induced superconductivity. This experiment 

suggests that charge modulations alone, and not the LTT distortion, prevent 

superconductivity in equilibrium.  
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Cuprate compounds of the type La2-xBaxCuO4 exhibit bulk superconductivity for doping levels 

between x=0.05 and x=0.25. The maximum critical temperature, TC=30 K, occurs for x=0.16. 

Importantly, the superconducting phase is strongly suppressed in a narrow doping range around 

x=1/8 [1,2], where the so-called “stripe phase” [3,4] is found. In this phase, the doped holes form 

chains within the CuO2 planes, which separate regions of oppositely phased antiferromagnetism [4]. 

Co-existing with this “stripe” order is a low-temperature tetragonal (LTT) distortion of the crystal 

lattice, setting in at the same temperature [4].  

The relationship between the superconducting state, stripe order, and the LTT distortion is one of the 

great mysteries in high-TC superconductivity. It has long been believed that stripes are pinned by the 

LTT distortion [5,6] and compete with superconductivity to result in an incoherent state with non-

superconducting transport. However, it has become clear that the situation is considerably more 

subtle. Recent experiments have suggested that stripe order can also exist without the LTT distortion, 

as observed in a low-temperature high-pressure phase [7]. Furthermore, there is evidence that stripes 

are compatible with in-plane Cooper pairing, creating phases that may involve 2D superconducting 

CuO2 planes de-coupled as a result of the periodic charge modulation, which, it is speculated, may 

prevent interlayer Josephson tunneling [8,9].  

Recently, the richness of the behavior of these stripe-ordered cuprates has been further emphasized 

by Fausti et al. with the discovery of a light-induced superconducting state in the non-

superconducting 1/8-doped La1.675Eu0.2Sr0.125CuO4 (LESCO1/8) [10]. Like La1.875Ba0.125CuO4 

(LBCO1/8), LESCO1/8 exhibits an LTT phase (below 135 K) and charge stripe order (below 25 K) 

[11]. Fausti et al. used a femtosecond mid-infrared pulse to resonantly excite a 600 cm-1 infrared-

active, in-plane Cu-O stretching mode. Transient superconductivity along the c-axis was evidenced 

by the appearance of a Josephson plasma edge in the THz optical response, setting in within the 1-2 
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ps time resolution of the THz probe. The authors hypothesized that the light-induced Josephson 

coupling of the CuO2 planes is a consequence of an instantaneous stripe order melting, mediated by 

the direct distortion of the lattice. The fast time scale of this re-coupling was taken as indirect support 

for the picture of a 2D “pair-density wave” coherent state, as discussed in Ref. 8, in which the stripe 

order suppresses superconductivity only along the c-axis.  

However, the fate of the charge stripe order and of the LTT distortion in the transient 3D coherent 

superconductor following the mid-IR excitation pulse was not probed in this experiment and remains 

unknown. Knowledge of their dynamics would provide new insight into the microscopic physics of 

this light-induced superconductivity, and perhaps even into the origin of superconductivity itself. In 

particular, by understanding which order needs to be de-stabilized for superconductivity to appear, 

one would be able to assess ´cause and effect´ relationships in this complex system where several 

types of order compete at equilibrium.	  Such assessment, however, can only be made by examining 

the ultrafast response following controlled excitation out of the equilibrium state. 

Here, we use femtosecond resonant soft X-ray diffraction at a free electron laser [12,13,14,15] to 

directly probe the dynamics of both the stripe order and the LTT distortion in the stripe-ordered 

cuprate La1.875Ba0.125CuO4 (LBCO1/8) following a mid-IR pump. We find that excitation in resonance 

with the same Cu-O stretch mode used to induce superconductivity in LESCO1/8 causes a non-

equilibrium melting of the charge stripe order. Importantly, the stripe order suppression, which is 

prompt and almost complete, is decoupled from the LTT distortion. This latter is only reduced by 

12% and occurs over timescales that are significantly longer than both the charge order melting, and 

the light-induced superconducting transition in LESCO1/8. This measurement unveils a direct 

correlation between charge stripe order and the frustration of superconductivity in the 214 cuprates at 

1/8 doping, and suggests that the lattice distortion may simply be an epiphenomenon.  
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For LBCO1/8, in thermal equilibrium, one-dimensional hole ordering within the CuO2 planes is 

observed below TCO=55 K. As sketched in Fig. 1(a), the charges localize in stripes that form π-phase 

shift domain walls for the antiferromagnetism. These stripes are rotated by 90° in neighboring planes 

along the crystal c-axis [9]. In addition, parallel stripes are shifted by half a period between every 

second CuO2 plane, giving rise to charge order reflections at a wave vector of (0.24 0 0.5). Here, we 

use the conventional notation of the high temperature tetragonal (I4/mmm) unit cell. At the same 

temperature TLTT = TCO, the LBCO1/8 crystal lattice transforms from the low-temperature 

orthorhombic phase into the LTT phase, where the CuO6 octahedra tilt around the [100] and [010] 

axes, i.e. along the O-Cu-O bonds, in the ab-plane. This distortion buckles the CuO2 planes changing 

tilt direction from layer to layer [4]. The critical temperature TC for bulk superconductivity in 

LBCO1/8 is <3 K [1,2,7]. 

Both static stripe order and the LTT distortion can be measured through resonant soft X-ray 

diffraction near the oxygen K-edge. Static charge stripes are observed at a wave vector of 

Q = (0.24 0 0.5) with a large resonant enhancement at the mobile carrier peak [16,17,18]. This is a 

pre-edge feature in the X-ray absorption spectrum at 528 eV, associated with the doped holes [19]. 

The LTT distortion can be directly measured through the (001) diffraction peak which is structurally 

forbidden in the high-temperature phases. In the low-temperature phase, it becomes allowed, on 

resonance, because of the rotation of the sense of tilt in adjacent CuO2 planes [20]. This peak can be 

observed by tuning the photon energy to 532 eV [17,18], corresponding to the La-O hybridized states. 

We note that we have chosen to study LBCO1/8 and not LESCO1/8 in this work because the stripe 

order peak intensity is approximately ten times larger than in LESCO1/8 and the present experiments 

are extremely challenging at current X-ray free electron lasers. They would not be possible in 

LESCO1/8. Nevertheless, the comparison between stripe order melting in LBCO1/8 and light-induced 
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superconductivity in LESCO1/8 is expected to be a valid one. Both compounds exhibit the same low 

temperature ground state, with both an LTT distortion and charge and spin stripe order. Both 

compounds are non-superconductors at 1/8 doping and both are equilibrium superconductors with a 

maximum TC ~ 20-30 K. Thus, this work is expected to shed light on the microscopic mechanisms for 

photo-induced superconductivity in stripe-ordered cuprates and possibly on the respective roles of 

electronic and lattice order in suppressing equilibrium superconductivity at x=1/8 doping.   

Time-resolved resonant soft X-ray diffraction experiments were performed at the SXR beamline of 

the Linac Coherent Light Source (LCLS) [21,22]. A schematic drawing of the experimental setup is 

shown in Figure 1(b). The LBCO1/8 single crystal, grown by the floating zone technique, was cleaved 

to reveal the (001) surface for these measurements. The sample was held at base temperature T=13 K 

in the stripe-ordered, LTT-distorted phase. Femtosecond mid-infrared pulses, derived from an optical 

parametric amplifier and subsequent difference frequency mixing, were used for excitation. The 

central photon energy was tuned to the 85 meV (14.5 µm wavelength) resonance of the infrared-

active in-plane Cu-O stretching vibration [23]. The excitation pulses were 200 fs long, polarized in 

the ab-plane, and focused onto the sample with a spot size of 700 µm. In our experiments, the 

excitation fluence was kept at 1.9 mJ/cm2, equal to the conditions of the light-induced 

superconductivity transition studied in LESCO1/8 [10].  

Synchronized X-ray pulses of sub-100 fs duration, tuned to photon energies of 528 and 532 eV for 

the (0.24 0 0.5) and (001) wave vectors, respectively, were selected by a grating monochromator 

providing a bandwidth of approximately 1.5 eV. The X-ray beam was aligned collinearly with the 

mid-IR pump and focused onto the sample with a 200 µm diameter. The absorption length of the X-

ray pulses around the oxygen K-edge is approximately 200 nm. Together with the 1-2 µm extinction 

depth of the mid-IR light at the phonon resonance, this means that the x-rays are probing a 
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homogenously pumped sample volume. A high-vacuum diffraction chamber, equipped with a fast-

readout CCD camera, was used for the experiments [24]. The measurements were performed with a 

60 Hz repetition rate. The time resolution of this experiment was 300 fs, limited by the timing jitter 

between the synchronized X-ray and optical laser pulses. 

The time-dependent response of the (0.24 0 0.5) stripe order diffraction peak to the optical excitation 

is shown in Figure 2. The upper panel shows the diffracted X-ray beam, recorded with the CCD 

camera and averaged over about 20,000 FEL shots. The vertical lines in the images result from the 

detector as a result of inherent gain and offset variations amongst the different active arrays. At 

negative time delays, a broad and rather weak peak is observed on the CCD camera, consistent with 

the short correlation length of the stripe order in LBCO1/8 [16,17]. The lower panel shows the 

integrated transient intensity of this diffraction peak. These data points were obtained by dark image 

correction, a background subtraction and pixel integration within the region of interest. The integrated 

diffraction intensity of this peak promptly decreases by about 70% after the arrival of the mid-IR 

excitation. These results show that stripe order is melted on a sub-picosecond timescale by these mid-

IR pulses. The red solid line represents a single-exponential function used to visualize the reduction 

of the scattering intensity, with a time constant set to the 300 fs time resolution of the experiment. 

The reduction of integrated scattered intensity is also apparent in the camera images, e.g., at a time 

delay of +1.3 ps shown on the top right. The fast timescale observed here is similar to the one 

observed in the LESCO1/8 THz probe experiments, implying that the ultrafast formation of the 

superconducting state and the melting of charge modulations are connected. 

In contrast, the evolution of the LTT phase, as probed by the (001) diffraction peak, is very different 

from that of the stripe order. CCD images of this diffraction peak, averaged over 400 FEL shots taken 

at a positive and a negative time delay, are shown in Fig. 3 together with the transient integrated 
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intensity. The integrated scattered intensity of this structural – and therefore sharp and intense – peak 

drops by only 12%, and on a much longer time scale. A single-exponential decay fitted to the data 

(red solid line) yields a time constant of 15 ps. This timescale is likely set by acoustic propagation, as 

the relaxation of the LTT distortion requires the lattice planes to expand, a process that is limited by 

the speed of sound. 

Our experiments demonstrate that the resonant mid-IR excitation in LBCO1/8 triggers the ultrafast 

formation of a non-equilibrium state in which stripe charge correlations have disappeared while the 

LTT distortion still exists. This decoupling is not present in the equilibrium phase diagram of LBCO. 

Given the prompt appearance of 3D superconductivity in LESCO1/8 under identical conditions, the 

present results support the idea that it is the stripe order and not the LTT distortion which is 

responsible for the suppression of the 3D coherent superconducting state. 

Taking this one step further, these results are also consistent with the scenario of a system which, in 

the presence of stripe order, is a 2D superconductor [8]. In this case, the superconductivity is 

proposed to be in the form of a “pair density wave” state [9], where the superconducting order 

parameter is modulated by the periodic potential resulting from the charge order, with twice the 

period. This, and the 90o rotation of the charge stripes along the c-axis, provides a natural explanation 

for the destructive interference of the Josephson currents. In this scenario, when the mid-IR pulse 

melts the charge order, it removes the periodic potential. At that point, the superconducting 

condensates are free to coherently couple along the c-axis and do so on a time scale of the Josephson 

plasma resonance, i.e. a few hundred femtoseconds.  

It is worth noting that such laser-induced transitions into non-thermal electronic or structural phases 

is a rather general phenomenon, as observed in other condensed matter systems [15,25,26,27]. The 

mechanism by which the charge order is melted following the excitation of the Cu-O bond stretching 
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mode in the present case is not yet clear. Further microscopic modeling of the charge order and the 

LTT structure in the presence of a strongly driven lattice phonon [28,29] could aid understanding this 

physical pathway. In addition, one might take into account the possibility of direct excitation of an 

electronic mode that is associated with the pair density wave state in LBCO1/8 as described in Ref. 23. 

A direct coupling of the mid-infrared pulse to such an electronic excitation could explain the fast 

melting of the charge stripe order, and the weak effect on the lattice distortion.   
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FIGURE CAPTIONS 

Fig. 1: Schematic drawing of the La1.875Ba0.125CuO4 charge, spin and lattice arrangement within a 

CuO2 plane in the stripe-ordered, low-temperature tetragonal phase (T<55 K). Here, Cu atoms are 

shown as blue, oxygen atoms as red spheres. Holes form stripes which separate domains of oppositely 

phased antiferromagnetic domains (spins indicated by arrows). The LTT distortion is visible through 

the tilt of the octahedra central planes. The periodic stacking of those CuO2 planes is sketched in the 

lower figure part. The stripe orientation rotates by 90 degrees between layers. 

Fig. 2: (a) Top view of the experimental setup, shown for the diffraction condition of the charge 

stripe order peak (see text for details). (b) Transient intensity of the charge stripe order diffraction 

peak in (001) cleaved La1.875Ba0.125CuO4 measured at the (0.24 0 0.5) wave vector. Resonant mid-IR 

excitation with 1.9 mJ/cm2 fluence at zero time delay results in a prompt decrease of the scattered 

intensity on the sub-ps time scale. The red solid line represents an exponential function with a time 

constant set to 300 fs, i.e. the resolution of the experiment. The upper panel shows the diffracted 

spots, recorded with the CCD camera and averaged over about 20,000 FEL shots, at negative and 

positive time delays.   

Fig. 3: Light-induced changes in the intensity of the (001) diffraction peak reflecting the LTT 

distortion. Again, the La1.875Ba0.125CuO4 crystal is excited with 1.9 mJ/cm2 fluence of mid-infrared 

light. The red solid is a single exponential fit to the data yielding a time constant of 15 ps. The inset 

shows the same data set with an expanded y-axis. The diffraction spots recorded on the CCD, 

averaged over 400 FEL shots for a positive and a negative time delay, are shown in the upper panel.     
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