N
N

N

HAL

open science

qg-Dependence of the giant bond-stretching phonon

anomaly in the stripe compound LaNdSrCuO measured
by IXS

D. Reznik, T. Fukuda, D. Lamago, a Q.R. Baron, S. Tsutsui, M. Fujita, K.

Yamada

» To cite this version:

D. Reznik, T. Fukuda, D. Lamago, a Q.R. Baron, S. Tsutsui, et al.. g-Dependence of the giant bond-
stretching phonon anomaly in the stripe compound LaNdSrCuO measured by IXS. Journal of Physics

and Chemistry of Solids, 2009, 69 (12), pp.3103. 10.1016/j.jpcs.2008.06.027 . hal-00592592

HAL Id: hal-00592592
https://hal.science/hal-00592592

Submitted on 13 May 2011

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-00592592
https://hal.archives-ouvertes.fr

Author’s Accepted Manuscript

g-Dependence of the giant bond-stretching
phonon anomaly in the stripe compound
Laj 4gNdg 4Srg.12CuO4 measured by IXS

D. Reznik, T. Fukuda, D. Lamago, A.Q.R. Baron,
S. Tsutsui, M. Fujita, K. Yamada

PII: S0022-3697(08)00250-3

DOLIL: doi:10.1016/j.jpcs.2008.06.027

Reference: PCS 5553

To appear in: Journal of Physics and
Chemistry of Solids

www.elsevier.com/locate/jpcs

Cite this article as: D. Reznik, T. Fukuda, D. Lamago, A.Q.R. Baron, S. Tsutsui, M. Fujita
and K. Yamada, g-Dependence of the giant bond-stretching phonon anomaly in the stripe
compound Laj 4gNdg 4Srg 12CuO4 measured by IXS, Journal of Physics and Chemistry of

Solids (2008), doi:10.1016/].jpcs.2008.06.027

This is a PDF file of an unedited manuscript that has been accepted for publication. As
a service to our customers we are providing this early version of the manuscript. The
manuscript will undergo copyediting, typesetting, and review of the resulting galley proof
before it is published in its final citable form. Please note that during the production process
errors may be discovered which could affect the content, and all legal disclaimers that apply

to the journal pertain.


http://www.elsevier.com/locate/jpcs
http://dx.doi.org/10.1016/j.jpcs.2008.06.027

g-Dependence of the giant bond-stretching phonon anomaly in the stripe compound
La; 4sNdo 4Sr1,CuO, measured by 1XS

D. Reznik!, T. Fukuda?, D. Lamago'?, A.Q.R. Baron*®, S. Tsutsui®, M. Fujita®, and K.
Yamada®

1. Forschungszentrum Karlsruhe, Institut fir Festkorperphysik, P.O.B. 3640, D-76021
Karlsruhe, Germany

2. Synchrotron Radiation Research Unit, Japan Atomic Energy Agency (SPring-8), Sayo,
Hyogo 679-5148, Japan

3. Laboratoire Léon Brillouin, CE Saclay, F-91191 Gif-sur-Yvette Cedex, France

4. Materials Dynamics Laboratory, Harima RIKEN, 1-1-1 Kouto, Sayo, Hyogo, 679-5148,
JAPAN

5. Japan Synchrotron Radiation Research Institute, 1-1-1 Kouto, Sayo, Hyogo, 679-5198,
JAPAN

6. Institute for Material Research, Tohoku University, Katahira, Aoba-ku, Sendai, 980-8577,
Japan.

abstract: Inelastic x-ray scattering (IXS) was used to study the Cu-O bond-stretching
vibrations in the static stripe phase compound Laj 4sNdg4Srg12CuOs. It was found that the
intrinsic width in Q-space of the previously reported huge anomalous phonon softening and
broadening is approximately 0.08r..u HWHM. A detailed comparison was also made to
inelastic neutron scattering (INS) studies, which indicate a two-peak lineshape (with
superimposed broad and narrow peaks) in the vicinity of the anomaly. The high resolution
IXS data show that the narrow peak is mostly an artifact of the poor transverse Q-resolution
of INS. Otherwise the agreement between the INS and 1XS was excellent.

l. Introduction

Recent INS measurements showed a strong anomaly in the Cu-O bond-stretching phonon in
the copper oxide superconductors La, xSryCuO,4 (with x=0.07, 0.15)**, which was unexpected
from conventional theory. The anomaly is strongest in La;grsBagi12sCuO,4 and
La; 4sNdo4Sro12CuO4+5, compounds that exhibit spatially modulated charge and magnetic
order, often called stripe order; it occurs at a wave vector corresponding to the charge order,
Jeo- The neutron data on the stripe phase show that the phonons of the bond-stretching branch
dispersing from the zone center in the direction parallel to the Cu-O bond (the [1 0 0]
direction) acquire a pronounced low energy tail at the reduced wavevector (0.25 0 0).
Between this wavevector and the zone boundary (0.5 0 0) the phonon lineshapes may be fit
with a two-peak structure. At the zone boundary the single peak lineshape is recovered.
According to Refs. 3 and 4, the full spectrum of the bond-stretching vibration in
La; s7sBag125sCu04 may be fit with a superposition of two phonon branches of equal intensity
as seen in fig 2a of Ref. 3. One branch has a monotonic, cosine-like downward dispersion in
the [1 O O] direction. In some sense, it can be considered as "normal” although it is well
known that the corresponding branch is nearly flat in the undoped parent compound.” The



other branch is highly anomalous in that it drops abruptly by more than 10 meV at about g, =
(0.25 0 0) and then rises back up towards the zone boundary to merge with the normal branch.
The drop is much sharper than the instrumental resolution in both the longitudinal and the
transverse directions, so the average over the wave vectors within the resolution ellipsoid
produces the broad low-energy tail at gco.

Unfortunately, the INS experiments required focused beams, which reduced the g-resolution
to about 15% of the Brilloiun zone, thus it has not been possible to determine the intrinsic g-
width of the phonon anomaly either in the transverse or the longitudinal direction with
sufficient precision. We decided to continue our measurements with inelastic x-ray scattering
(IXS), which makes it possible to achieve a much higher wavevector resolution.

High resolution IXS is a relatively new technique, and only a few papers appeared on the
bond stretching phonons in cuprates. Ref. 10, which focused on the electron-doped compound
Nd1 g5Ceg.15CuO,4 showed that the IXS phonon spectra are dominated by overlapping closely-
spaced phonon peaks on top of a strong tail from the elastic line, which made it difficult to
extract peak positions without assuming where they should be. A subsequent neutron
scattering investigation performed when a large high quality sample was available produced
data of superior quality, correcting some of the mode assignments.**

Uchiyama et al. obtained IXS data using a 0.2x0.3x0.3mm® HgBa,CuO4 sample, and showed
that there is a minimum of the bond-stretching phonon dispersion-in the 1 0 O direction half-
way to the zone boundary®. An investigation by Fukuda et al. demonstrated that of all the
cuprates IXS works well for measuring the bond-stretching phonon in the Lay«xSryCuO,
family.® They clearly showed the anomalous phonon softening discussed above near the
optimum doping level and demonstrated that phonon anomaly disappeared in overdoped
compounds. However in both studies, the relatively poor energy resolution with Lorentzian
tails, resulted not only in resolution broadening of the phonons, but also in a strong
background due to the tail of the elastic diffuse scattering, which made it difficult to reliably
extract the phonon linewidths. For the case of the La,.xSrCuO, family the availability of ~cc
sizegssli4ngle crystals, has made it possible to obtain data with better statistical quality using
INS“*,

The purpose of the current experiment was to perform measurements of the bond-stretching
phonon in the LaSrCuO family that would enable us to extract the intrinsic width of the
phonon anomaly in g. The idea was to use better energy resolution than in the previously
published IXS studies (~1.7 meV FWHM) and to take advantage of the 2D analyzer array at
BL35XU''® at SPring-8 to measure transverse g-dependence of the phonon lineshape
simultaneously with the longitudinal one. We focused on the stripe phase compound
La; 4sNdo4Sro12CuQy4, because neutron scattering experiments indicate that the stripe phase
has the narrowest intrinsic g-width of the phonon anomaly in both transverse and longitudinal
directions. Furthermore, it was already thoroughly studied by neutrons, which made it
possible to compare neutron and x-ray data on the same compound. We find that the two
techniques produce virtually identical results with the main difference coming from different
resolution functions. The half-width-at-half-maximum (HWHM) of the region in g-space
where the anomalous phonon is found, is 0.08 r.l.u. in both the longitudinal and transverse
directions. We also established that most of the intensity observed using INS in the “normal”
branch discussed above is probably an artifact of poor wavevector resolution of the neutron
measurements, although we cannot rule out an anomalous intrinsic lineshape of the phonon
mode.



I1. Experimental Details

We used the inelastic x-ray scattering (1XS) spectrometer BL35XU at SPring-8" to precisely
measure the width of the phonon anomaly in g-space in a high quality single crystal of
La;.4sNdo4Sro.12CuO,4. The sample was mounted in the standard configuration in the reflection
mode. The mosaic measured on the (4 0 4) Bragg peak was 0.3°. The switch from INS to XS
was to improve both the precision and the wavevector (Q) — resolution, since the Q/energy
resolution were a factor of 4/2 better respectively in our IXS measurements. (We note here
that Q refers to the total wavevector transfer, whereas q refers to Q reduced to the first
Brillouin zone.)

In order to improve the energy resolution and, just as importantly, to reduce background
coming from the tail of the elastic line and low energy phonons, we used the (11 11 11)
reflection of the Si monochromator and analyzer achieving 1.7 meV FWHM energy
resolution. In this configuration the background was very small and came from the elastic line
only and not from other phonons at the measured points. This configuration enabled us to
isolate the bond-bending vibrations appearing near 59meV in the g-range of interest, from the
bond-stretching phonons at higher energies.

The IXS instrument on BL35XU has a 2D array detector, with 3 rows of 4 analysers in each.'®
The sample was aligned with the Q-points along the [1 0 0] high symmetry direction
measured by the top row of the detectors. The middle and bottom rows measured spectra with
nonzero transverse components of Q (Fig. 1) . The size of the squares in figure 1 corresponds
to the Q-resolution of the analyzers, which was 0.04 r.l.u. full width (FW). Slits limiting the
analyzer acceptance were opened to allow maximum count rate: better Q-resolution is also
possible (by a factor of ~5) in the event that one is not count-rate limited.

The measurements were performed at 7K on the Laj4sNdo4Sro12CuO, sample with the
stoichiometry associated with stripe order.

I11. X-ray scattering results

Figure 2 shows the background-subtracted spectra that represent phonon scattering intensity.
The background consisted of the tail of the elastic line due to the Lorentzian-like energy
resolution function of the instrument and a contribution assumed to be energy independent
due to both dark counts and stray x-rays and leaking into the detectors. The contribution from
the elastic tail was obtained by first measuring plastic and then scaling together the intensities
of plastic and our sample at the elastic position. This procedure may introduce some errors
due to neglect of the tails from low-energy phonons and inelastic scattering from the plastic in
the estimate of the true elastic tail, but we believe they should not exceed 20% of the reported
signal. The exception is H=3.11, which is closer to the tail of the (3 0 0) Bragg peak. Here the
elastic tail makes a significant contribution, but the phonon is very strong (due to a large
structure factor) and narrow, so it was still possible to extract both the peak position and
linewidth with high accuracy. Background rates varied from detector to detector between 0
and 0.01 on the scale in figure 2.

Previous neutron data showed that two longitudinal branches should appear in the
investigated energy range. The bond-bending branch disperses upwards towards the zone
boundary but stays mostly below 60meV. The bond-stretching branch disperses downwards in
the [1 0 0] direction from the zone center energy of 85meV but stays mostly above 60meV.



The bond-stretching phonon anomaly at K=0 is clearly seen in the data. At Q=(3.11 0 0) the
bond-stretching phonon is narrow and shows a completely “normal” behavior. At Q=(3.19 0
0) it already broadens and at Q=(3.27 0 0) it broadens even further. Here the low-energy tail
of the stretching phonon overlaps with the weaker and narrower bond-bending phonon at
57meV. The fact that clear broadening is observed already at q=(0.19 0 0), means that there is
an intrinsic g-width of the phonon anomaly in the longitudinal direction of about 0.08 r.l.u.
HWHM.

We now discuss the evolution of the phonon lineshape in the transverse direction (K>0). The
data are consistent with the previous claims of neutron studies that the strongest anomaly
appears at the stripe-ordering wavevector and that it is narrow in the transverse direction.>*
The anomalous behavior is completely absent in all scans with K=0.16, whereas the scans
with K=0.08 are intermediate between 0 and 0.16. The big difference with the neutron data is
that the transverse g-resolution of our experiment was 0.04 r.l.u FW as opposed to 0.15 r.l.u.
FWHM in the neutron experiments. Thus the above-mentioned partially developed phonon
broadening at K=0.08 is intrinsic behavior, not a resolution effect, and we can conclude that
the intrinsic g-width of the phonon anomaly in the transverse direction of about 0.08 r.l.u.
HWHM, which is similar to the one observed in the longitudinal direction.

One seemingly puzzling feature is the apparent absence of the bond-bending mode in some of
the scans at Q=(3.27 K 0) and Q=(3.35 K 0) where it should appear according to the shell
model and previous neutron data. This is probably due to the fact that the energy region below
60 meV was counted half the time compared to the range between 65 and 75 meV. Thus the
statistics there are relatively poor, and some scans show a more or less clear mode and others
do not.

IV. Comparison with neutron data.

Figure 3 compares the neutron data for Lay gzsBag125CuO4 at g=(0.275 0 0)* and the x-ray data
at q=(0.27 0 0) (a) and g=(0.27 0.08 0) (b) for Laj4gNdo4Sro12CuO, from the current
experiment. (There are no data at this wavevector available for La;4gNdo4Sre12CuOy. A
comparison with the neutron data on Laj4gNdg4Sro1,CuO4 at q=(0.25 0 0) gives similar
results.) It is intriguing that the nominally K=0 neutron data are much closer to the K=0.08 x-
ray data than to the K=0 x-ray data. As mentioned above, the neutron data are characterized
by a two-peak lineshape with a relatively sharp higher energy “normal” peak combined with a
broad lower-energy “anomalous” peak. In the x-ray data at K=0 (Fig. 3a) the “normal” peak is
suppressed. We believe that this difference comes from the difference in resolution functions.
Due to the poorer K-resolution, the neutron experiment picks up some intensity from narrow
“normal” phonons at K=0. This is probably the reason that the x-ray data taken with K=0.08
has the same lineshape as the nominally K=0 neutron data. On the other hand, the broad
“anomalous” component observed by neutrons remains in the x-ray data. This observation
shows that its previously reported large linewidth is intrinsic, and is not an artifact of a very
steep dispersion.

Although both the neutron and x-ray data show that experimental anomalous phonon
lineshapes are more complicated than simple Gaussians or Lorentzians, it is instructive to
compare the results obtained by the two techniques on the same compound by fitting the
phonons with single peak functions. The neutron/x-ray data were fit with the
Gaussian/Lorentzian functions respectively, and the resolution-corrected results are shown in
Fig. 4. It is clear, that despite different resolution functions as well as different background



contributions, the fits give remarkably similar results. We believe that the differences around
h=0.3 are due to the differences in the Q-resolutions of the two techniques.

V. Discussion

A relatively simple model assuming stripe order,'” can explain most of the observed features
in the phonon measurements. According to this model, collective electronic excitations
emanating from the stripe ordering wavevector interact with phonons at the intersection of the
electronic and the phonon dispersion curves. The strongest coupling is expected for bond-
stretching modes, because the charge modulation gives rise to a bond length modulation. Due
to the steep dispersion of the electronic modes in both the transverse and the longitudinal
directions, they interact with the phonons in a very limited range of reciprocal space. This
model, however, predicts that the two branch behavior should be intrinsic, since stripes must
introduce a mechanism of local breaking of the tetragonal symmetry of the CuO, plane
distinguishing between the phonons propagating parallel and perpendicular to the stripes.
Since the crystals are macroscopically twinned with respect to the stripe direction, each
branch would contribute equally to the neutron spectra resulting in the normal and the
anomalous branch. However, here we found that the previously reported two-branch
behavior®* is mostly a resolution effect with most intensity in the normal branch observed in
INS coming from the nonzero K.

M. Vojta et al."® have shown that such symmetry breaking may occur only very locally when
stripes are dynamic, since stripe fluctuations may occur in both directions simultaneously.
The estimate of the g-width of the phonon anomaly allows us to extract the size of the
coherent stripe domain in real space to be about 12x12 unit cells.

Alternatively, the phonon anomaly may be seen as a conventional Kohn anomaly due to
Fermi surface nesting at 2k;, where k¢ is Fermi momentum, and not as a result of stripe
order.”® However, photoemission measurements®® have shown that the phonon anomaly does
not correspond to any Fermi surface nesting wavevector at 2k;. A 4ks anomaly**?? may be
consistent with short parallel segments of the Fermi surface observed by photoemission at the
antinodal points. The relationship between the stripe order and the shape of the Fermi surface
is not clear at the moment, so more work needs to be done to connect the phonon effect, the
Fermi surface topology, and the stripes.

VI. Conclusions

The agreement between the current x-ray and previous neutron results is remarkable if
differences in resolution functions are taken into account. Thus our measurements definitively
confirmed anomalous phonon broadening and softening previously observed by neutron
scattering in the stripe phase of the cuprates.®*

Most of the signal in the sharp peak on the high-energy side of the phonon lineshape in the
neutron data® is an artifact of relatively poor transverse g-resolution of the neutron
experiments, whereas the broad strongly renormalized component is intrinsic. However, even
in the IXS data the bond-stretching phonon at g=(0.27 0 0) has a non-Lorentzian lineshape. It
can be an artifact of poor statistics, or of the finite g-resolution, but at this point it is
impossible to completely rule out a lineshape that is more complex than a simple Lorentzian
peak.



The intrinsic g-width of the anomaly is around 0.08 r.l.u. HWHM both in the longitudinal and
transverse directions. Assuming that the phonon anomaly results from the matching of the
phonon and stripe propagation vectors, this width corresponds to a coherent stripe domain of
12x12 unit cells.
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Figure 1. Schematic of the detector coverage of the 2D Brillouin zone of the Cu-O plane.
The size of the squares corresponds to the experimental resolution. The top row of
analyzers probes the high symmetry direction with Q,=0. The other rows provide
information on the nonzero transverse component of Q.
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Figure 2. Energy scans after subtraction of the elastic tail as well as a constant term
corresponding to the stray radiation as described in the text. The vertical scale is
approximately counts per second, for an incident beam of some 4x10° photons/s onto the
sample. Data was collected for approximately 2.5 days simultaneously into all spectra, with

most of the time devoted to counting between 60 and 80 meV energy transfers.



300 300

@ x-rayq=(0.27,0,0) ® x-ray q=(0.27,0.08,0) |
50O neutron g=(0.275,0,0) | ,50/© neutron g=(0.275,0,0) |
(@)
200}
% 200 .
T
c 150 150
o i
c
= 100 100
(O]
=
g 50 50!
0 0
50 50
Energy (meV) Energy (meV)

Figure 3. Comparison of neutron and x-ray spectra of La; 4gNdo4Sro12CuO,4 at Q=(3.27 K
0), where K=0 (a) and K=0.08 (b) of the neutron spectrum of Laj;gzsBa 125CuO,4 at
Q=(4.725 0 0)3. The region between 60 and 80 meV in the x-ray data was counted much
longer than others. The x-ray data in the two panels were scaled by the same factor.
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Figure 4 Comparison of the peak position and linewidth extracted from one-peak fits to
the data above 60meV at K=0 measured on Laj; 4sNdo 4Sro12CuQ4 by neutrons (Ref. 2) and
x-rays (current study, see text).



