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CONDENSED MATTER PHYSICS

Charge order lock-in by electron-phonon coupling

in Laq,675EU0.2Sr0.125CuO4

Qisi Wang'*', Karin von Arx"?!, Masafumi Horio', Deepak John Mukkattukavil?, Julia Kiispert',
Yasmine Sassa?, Thorsten Schmitt®, Abhishek Nag®, Sunseng Pyon®, Tomohiro Takayama’,
Hidenori Takagi®, Mirian Garcia-Fernandez®, Ke-Jin Zhou®, Johan Chang'*

Charge order is universal to all hole-doped cuprates. Yet, the driving interactions remain an unsolved problem.
Electron-electron interaction is widely believed to be essential, whereas the role of electron-phonon interaction is
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unclear. We report an ultrahigh-resolution resonant inelastic x-ray scattering (RIXS) study of the in-plane bond-
stretching phonon mode in stripe-ordered cuprate Laq ¢75EU0.25r0.125CuUQO4. Phonon softening and lifetime shorten-
ing are found around the charge ordering wave vector. In addition to these self-energy effects, the electron-phonon
coupling is probed by its proportionality to the RIXS cross section. We find an enhancement of the electron-phonon
coupling around the charge-stripe ordering wave vector upon cooling into the low-temperature tetragonal structure
phase. These results suggest that, in addition to electronic correlations, electron-phonon coupling contributes
substantially to the emergence of long-range charge-stripe order in cuprates.

INTRODUCTION
The ubiquity of charge order in hole-doped cuprates has motivated
the investigation of its underlying mechanism (1). This task is com-
plicated by the fact that charge, spin, and lattice degrees of freedom
are intimately coupled in the presence of strong correlations. Prevalent
theories suggest that charge order in underdoped cuprates develops
predominantly from strong electronic interactions (2-5). The com-
petition between magnetic and kinetic energies drives the tendency
of doped holes toward clustering into charged stripes—often dubbed
stripe order. This is in contrast to the scenario where charge density
wave (CDW) order emerges due to momentum-dependent electron-
phonon coupling (EPC) (6-8). These two mechanisms for charge
ordering are difficult to differentiate since (i) charge modulation in
both cases couples to the underlying lattice and (ii) it is difficult to
evaluate the EPC and its reciprocal space variation. From hereon,
CDW order refers broadly to a static charge modulation irrespec-
tive of the driving mechanism, which is the topic of this article.
Phonon anomalies in vicinity to the CDW ordering wave vector
suggest the importance of electron-phonon interaction (9, 10). It has,
however, been difficult to extract the EPC strength, let alone its mo-
mentum dependence. Inelastic neutron and x-ray scattering (INS
and IXS) (9, 10) or angle-resolved photoemission spectroscopy self-
energy studies (11, 12) infer the EPC strength based on the assumption
of bare phononic or electronic dispersions. Typically, the experimental-
ly extracted self-energies based on these assumptions are not sensitive
to subtle crystalline structural changes. Yet, in underdoped cuprates,
charge order seems to be favored by certain crystal structures. For example,
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the low-temperature tetragonal (LTT) structure appears as the ideal
host for the CDW order (2, 13, 14). This leads to the perception that the
LTT phase enhances the coupling to the electronic stripes (2, 15). It has,
however, not been possible to experimentally establish any relation be-
tween the specific crystal structures and electron-phonon interaction.

Recent advances of the resonant IXS (RIXS) technique have en-
abled studies of optical phonons, charge excitations, and their Fano
interference (16-22). The RIXS phonon scattering cross section
is directly proportional to the EPC strength (see Fig. 1, A and B)
(16, 23-27). It is therefore possible to study both the self-energy ef-
fects (excitation energy shift and lifetime) and the EPC strength for
specific phonon modes.

Here, we use ultrahigh-energy-resolution RIXS to address the EPC
in the stripe-ordered compound La; 675Eug 25t 125CuO4 (LESCO). We
show how the EPC is enhanced upon cooling from the low-temperature
orthorhombic into the LTT phase that boosts the CDW order. Spe-
cifically, we study the in-plane copper-oxygen bond-stretching pho-
non mode as a function of temperature and momentum. A phonon
softening anomaly in vicinity to the CDW ordering wave vector is
found to persist beyond the LTT phase. In the same momentum
range, we find that the EPC strength is enhanced upon cooling into
the LTT phase. The enhanced EPC shows a strong momentum de-
pendence, peaking near the charge ordering wave vector. While the
phonon anomaly corresponds to an energy softening of less than
10%, the EPC is enhanced by about 20% in the LTT phase. Our re-
sults suggest that the enhanced EPC amplifies the CDW order. Both
electronic correlations and momentum-dependent EPC are respon-
sible for the charge ordering in this cuprate compound. While fluctu-
ating stripes emerge spontaneously from strong electronic interactions
at high temperature, they are stabilized at low temperature via the
enhanced coupling to the host lattice.

RESULTS

A RIXS spectrum obtained at Q = (0.43, 0.03) (Fig. 1C) reveals a
pronounced excitation around 60 meV that dominates over elastic
scattering and the paramagnon excitations. We assign this excitation
to the in-plane copper-oxygen bond-stretching phonon (see Fig. 1B),
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Fig. 1. Phonon excitations generated in a RIXS process. (A) Schematic of a two-step Cu L3 edge RIXS process. The transition from initial |i) to the intermediate state
| m) occurs upon absorption of an incident photon; a Cu 2p core electron is promoted to the 3d valence band. While the core hole is screened, the excited electron effec-
tively causes the vibrations of the oxygen ions. A decay process leaves behind a phonon in the final state | f) with probability depending on the EPC (24). (B) Schematic
of the scattering geometry and the eigenvector for phonons with Q= (0.25, 0, 0). The yellow and blue “balls” represent copper and oxygen ions, respectively. Black arrows
on the oxygen ions indicate the vibration directions. (C) A representative RIXS spectrum collected at 15 K on LESCO. The orange solid, green solid, and blue dashed lines
represent scattering from elastic, phonon, and background contributions, respectively. The fitting components are described in the main text. a.u., arbitrary units.
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Fig. 2. Bond-stretching phonon mode in LESCO probed by RIXS. (A) Raw RIXS spectra collected at 15 K across the charge ordering wave vector. (B and C) RIXS intensity
maps as a function of energy loss and h for temperatures as indicated. The red arrows in (A) and black open circles in (B) and (C) mark the phonon dispersion determined
from fitting the spectra (see the main text). Color code indicates the RIXS intensity. To avoid the overwhelming elastic scattering at the charge ordering wave vector, we
here present data taken along Q = (h, h tan ¢) with ¢ =4°and 0° for T=15 and 200 K, respectively. r.l.u., reciprocal lattice units. (D and E) Elastic scattering and background
subtracted spectra for h=0.26 and 0.31. (F) Dimensionless parameter W,/Eph as a function of h at 15 and 200 K. Solid lines are guides to the eye. Error bars, throughout

the article, reflect SDs of the fits described in the main text.

in agreement with previous INS (28), IXS (29), and RIXS studies
(21, 22). As shown later, the overall dispersion and intensity also match
those expected for the bond-stretching phonon. To determine its
dispersion, RIXS spectra are collected as a function of momentum
(Fig. 2A and fig. S2). The resulting RIXS intensity maps are shown
for low (15 K) and high (200 K) temperatures in Fig. 2 (B and C).
Stripe order, revealed by the reflection at Qcpw = (8, 0) with & ~ 0.24,
weakens by about two orders of magnitude across this temperature
range [see Fig. 3F and (30)].

To analyze the RIXS spectra, our fitting model consists of the fol-
lowing three components. Elastic scattering and the bond-stretching
phonon are described by Gaussian profiles. The paramagnon-dominated
background, at high energy, is mimicked using a damped harmonic
oscillator function convoluted with the instrumental resolution (see
Fig. 1C). In Fig. 2 (D and E), subtraction of elastic and background
responses isolates the bond-stretching phonon spectral weight.

Wang et al., Sci. Adv. 2021; 7 : eabg7394 30 June 2021

In this fashion, phonon dispersion Eph(Q), lifetime effects, and
EPC are studied as a function of temperature and momentum across
the charge ordering wave vector Qcpw. Starting at high tempera-
ture (T = 200 K), the phonon linewidth Wy, is resolution-limited,
and the dimensionless parameter Wpi/Eph(Q) is essentially feature-
less across Q = Qcpw (Fig. 2F). At our base temperature (15 K), the
phonon linewidth undergoes a weak but statistically significant en-
hancement beyond the resolution near Qcpw, which indicates a
decrease in the phonon lifetime. Combined with a softening of the
phonon dispersion, Wpn/Eph(Q) displays a 20% increase across
Qcpw. Although current RIXS energy resolution barely resolves the
phonon lifetime, the EPC can be analyzed through the softening of
the dispersion and the RIXS phonon cross section.

Density functional theory (DFT) calculations (31, 32) yield a bond-
stretching phonon mode that disperses weakly downward from the
zone center to the boundary (see gray dashed lines in Fig. 3, A and C).
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Fig. 3. Temperature evolution of charge order and the associated phonon anomaly in LESCO. (A and C) Phonon dispersions and (B and D) integrated spectral
weights along the longitudinal direction at indicated temperatures. (E) Softening energy as a function of h obtained from data in (C) as described in the main text.
(F) Charge ordering peak at 15 and 200 K. Elastic intensities are integrated over —45 to 30 meV, and the 200 K data are displayed with a multiplication factor of 20. Solid
lines are Gaussian fits. The inset displays the charge order correlation length & versus temperature. Open squares denote data from (30). Gray dashed lines in (A) and (C)
and in (B) and (D) are respectively the DFT bare bond-stretching phonon dispersion (normalized to match our data) and the phonon spectral weight above T 17 fitted to
a sin®(rh) function. Colored lines in (A) to (E) are guides to the eye. LTO, low-temperature orthorhombic.

The phonon softening observed around the charge ordering wave
vector is not captured by the DFT formalism. By subtracting the bare
phonon dispersion from the measured data (see the Supplementary
Materials for details), we infer the softening magnitude (Fig. 3E).
The maximum value ~5 meV at 15 K is in good agreement with
previous INS results on La-based compounds (10, 33).

In contrast to INS and IXS, the phonon intensities probed by RIXS
are directly proportional to the EPC (16, 23-27). Above the LTT onset
temperature (Typr = 125 K), the phonon integrated spectral weight
increases monotonically with momentum Q= (h, 0) (Fig. 3, Band D).
Upon cooling into the LTT phase, the phonon weight is enhanced
in vicinity to Qcpw (Fig. 3B). This effect is further enhanced when
cooling to base temperature (Fig. 3D). Our main finding is thus that
EPC, linked to the charge ordering, is amplified within the LTT
phase (see Fig. 4).

DISCUSSION

The phonon softening manifests over a broad momentum range
(h =0.24 to 0.4) (Fig. 3, A and C). This is in contrast to a conven-
tional Kohn anomaly with a sharp phonon dispersion dip and is thus
incompatible with a CDW state arising from Fermi surface nesting
(8, 10, 34). Alternatively, phonon anomalies in cuprates have been
discussed in the context of collective stripe fluctuations (35, 36).
Phase excitations of stripes couple to the lattice and create a split-
ting of the in-phase and out-of-phase oscillation modes (35). How-
ever, the phonon anomaly is expected (35) to exist within a narrow

Wang et al., Sci. Adv. 2021; 7 : eabg7394 30 June 2021
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Fig. 4. Schematic temperature evolution of the charge order and EPC to the
bond-stretching mode. (A) Low-temperature and (B) high-temperature charge
ordering wave vector and soft bond-stretching phonon mode as observed in LESCO.
Red and pink area centered around the CDW ordering wave vector schematically
indicate the CDW peak width. Solid and dashed lines represent the experimentally
observed and DFT-calculated bond-stretching phonon dispersions, respectively.
Color code on the phonon dispersion indicates the observed EPC in addition to the
expected sin’(rh) dependence.
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range of Q—at odds with our experimental observations. Another
notable effect of charge excitation is its Fano interference with in-
tersecting optical phonons. Recent RIXS results on Bi-based cuprates
Bi,Sr,CaCu,0445 and Bi,;Sr,LaCuOg,s are interpreted in terms of a
Fano resonance between dispersive charge excitations and optical
phonon modes (17, 19, 20). This is supported by a nonmonotonical-
ly increasing phonon intensity versus momentum and an excitation
energy softening that exceeds expectations for EPC. By contrast, the
here reported softening magnitude in LESCO is consistent with
typical phononic self-energy effects (10, 33). In addition, the inten-
sity enhancement in the Bi-based compounds is more intense and
leads to a dome-shaped h dependence (17, 19, 20), whereas in LESCO,
the enhanced intensity is still smaller compared to that near the
zone boundary (Fig. 3D). While both mechanisms could possibly be
involved, the significantly smaller softening energy and intensity
increase in LESCO suggest the EPC to be the dominant mechanism
underlying the observed phonon anomaly. The different behaviors
observed in LESCO and Bi-based compounds could be rooted in
the charge ordering strength. Shorter correlation length found in
Bi-based compounds makes quantum fluctuations correspondingly
more relevant (19, 20). Note that the enhanced phonon intensity in
both the Bi-based compounds and LESCO peaks at a larger wave
vector compared to Qcpw (Fig. 3, D and F). In the former case, this
is explained by the dispersive feature of intersecting charge exci-
tations. In LESCO, this could arise from the combined effect of both
electronic correlations and EPC, which, as a whole, defines the CDW.
Although this phonon anomaly is linked to the charge ordering
phenomenon, there is no direct proportionality between charge order
and phonon softening. For example, a pronounced phonon soften-
ing is observed already at 200 K in the presence of only weak charge
ordering. Upon cooling, the charge order grows by roughly two or-
ders of magnitude, whereas the phonon softening develops only
marginally. The broad momentum width of the softening at all tem-
peratures remains comparable to the short-range charge order peak
above Typr (see Fig. 3, E and F). Together, these results suggest a strong
coupling between fluctuating stripes and the bond-stretching phonon.
Momentum dependence of the EPC in cuprates has been the sub-
ject of many theoretical considerations (16, 24-27). For the copper-
oxygen bond-stretching mode, a sin*(th) dependence of intensity
for Q = (h, 0) is expected in the absence of charge order (16, 25-27).
Recent RIXS studies, on different cuprate systems, have observed
bond-stretching phonon intensities in good agreement with this
theoretical modeling (20, 21, 25, 26). It is also in accord with the
intensities measured above Tt in LESCO (Fig. 3, B and D). This
linkage between RIXS phonon intensity and EPC suggests that, upon
cooling into the LTT phase, the EPC is enhanced around the CDW
wave vector. This enhancement is further amplified upon cooling.
In La;_,Sr,CuOy4 x = 1/8 (LSCO), the RIXS intensity of bond-
stretching phonon remains structureless at low temperature (28 K)
(21). The lack of LTT lattice distortion in LSCO results in a mismatch
between the copper-oxygen bond and the average stripe directions
(37, 38). This, in turn, reduces the coupling between the fluctuating
stripes and the lattice vibrations that involve the in-plane copper-
oxygen bonds. Our comparison of the bond-stretching phonon
across the LTT transition temperature in LESCO reveals that the
EPC is enhanced at the charge ordering wave vector only in the LTT
phase (Fig. 3B). As a result of the enhanced coupling between lattice
and charge stripes, the charge order correlation length gradually in-
creases inside the LTT phase (inset of Fig. 3F). The link between the

Wang et al., Sci. Adv. 2021; 7 : eabg7394 30 June 2021

lattice LTT transition, electron-phonon coupling, and charge correla-
tions suggests that electron-lattice interactions promote the charge
ordering process.

The importance of EPC in cuprates has been underlined in many
theoretical considerations (16, 25, 27, 39). A phonon-based CDW
mechanism can be enabled by strong correlations where the mo-
mentum space structure of the EPC is linked to the charge ordering
wave vector (39). Although only the buckling mode was considered
(39), the EPC of the bond-stretching mode is also known to be sig-
nificant (16, 22, 25-28). Our experimental results reveal that charge
correlations spontaneously emerge at high temperature where the
EPC is not favoring charge instability at any specific momentum.
The low-temperature EPC enhancement promotes the CDW for-
mation by triggering a “lock-in” of charge modulation at a specific
ordering wave vector. This is similar to the conventional phonon
mechanism in CDW-susceptible materials, where the Q-dependent
EPC induces a structure instability that has a compatible modulation
with the charge density (6, 8, 39). In LESCO, the LTT distortion
changes the in-plane copper-oxygen bond lengths with the same
symmetry breaking tendency as the stripes. The ionic modulation
could possibly enhance the coupling to the electronic degree of free-
dom and stabilize the charge stripes. With the above considerations,
although it remains difficult to conclude whether the enhanced EPC
is a cause or rather a feedback effect that promotes long-range CDW,
our results reveal the strong coupling nature of the EPC, which
plays a significant role cooperatively with electronic correlations for
the charge ordering in this system. Future improvements of the
RIXS energy resolution would enable studies of energetically lower
lying phonons—for example, the buckling mode (20). Such studies
would map out all the charge ordering relevant phonon modes and
thus provide a comprehensive understanding of this phenomenon.

In summary, we use RIXS to study the self-energy effects and
EPC of the bond-stretching phonon anomaly associated with the
CDW order in LESCO. A substantial enhancement of the EPC is
observed near the charge ordering wave vector upon entering the
LTT phase. A tangible causal chain is that the LTT lattice structure
enables a momentum-dependent EPC that, in turn, triggers a lock-
in of the charge-stripe ordering wave vector and long-range charge
correlations. Our results highlight the importance of electron-phonon
interaction for the long-range CDW order in the cuprates. Reveal-
ing the substantial EPC to the bond-stretching mode also has im-
portant implications for elucidating the intensively debated role of
phonons in cuprate superconductivity.

MATERIALS AND METHODS

Single crystals of LESCO, grown by the floating zone method, were
studied at the 121 RIXS beamline at Diamond Light Source. All
measurements were performed at the Cu L3 resonance (~932.5 eV),
using grazing exit geometry with linear vertical (o) incident light po-
larization. We define wave vector Q at (qx, g;» 42) as (h, k, [) = (q.a/2m,
qybI2m, q:c/2m) in reciprocal lattice units using pseudotetragonal no-
tation, witha = b~ 3.79 Aand c = 13.1 A.

Scattering angle and energy resolution (Gaussian SD) were fixed
to y = 154° and oG = 19 meV. Magnitude and direction of the in-
plane momentum transfer Q| = (h, h tan @) are controlled by the
light incident angle 6 and sample azimuthal angle @, respectively
(Fig. 1B). RIXS intensities were normalized to the weight of the dd
excitations (see the Supplementary Materials for details).
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SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/27/eabg7394/DC1
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