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‘We present a comprehensive study of the phonon dispersion in an underdoped, superconducting Ca,_, CuO,Cl,
crystal. We interpret the results using lattice dynamical calculations based on a shell model, and we compare the
results to other hole-doped cuprates, in particular, to the ones isomorphic to La,_, Sr,CuO4 (LSCO). We found
that an anomalous dip in the Cu-O bond stretching dispersion develops in oxychlorides with a simultaneous
marked broadening of the mode. The broadening is maximum at ~[x/(2a) O 0], which corresponds to the
charge-modulation propagation vector. Our analysis also suggests that screening effects in calculations may
cause an apparent cosine-shaped bending of the Cu-O bond-stretching dispersion along both the (g 0 0) and (g
g 0) directions, which is not observed on the data close to optimal doping. This observation suggests that the
discrepancy between experimental data and ab initio calculations on this mode originates from an overestimation

of the doping effects on the mode.
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I. INTRODUCTION

The discovery of high-temperature superconductivity
(HTS) in cuprates was originally motivated by the search for
superconductors with strong electron-phonon coupling.! The
first HTS compounds, La,_,Ba,CuO4 (LBCO) and LSCO, do
indeed display a very large isotopic effect for oxygen, although
the doping dependence of this effect turns out to be very
anomalous.? Later studies pointed out that electron-phonon
coupling may not be the main origin of the Cooper pairing,’
in particular, for optimal doping. However, its role across the
phase diagram of cuprates is still controversial, in particular,
in its underdoped region. An important point is that single-
electron band approximations, such as density functional
theory (DFT) find a small electron-phonon coupling,*> but
they possibly miss many-body effects, as it was suggested
that large couplings may exist in the presence of strong
electron-electron correlations.®

An important point stressed in DFT-based investigations on
electron-phonon coupling in cuprates is that these calculations
seem to reproduce well the marked softening with a cosine
dispersion, which develops under doping for longitudinal
Cu-O bond-stretching mode along the direction (¢ 0 0) of
such bonds (modes with A; character). At the same time,
large discrepancies between those calculations for the same
mode, but along the diagonal direction (¢ g 0) (modes with
¥, character), are found.*’ It has been suggested that the
physical origin of the anomaly in the dispersion of the Cu-O
bond-stretching modes is different for the two directions.*>

Underdoped cuprates exhibit a static, or quasistatic, modu-
lation of the charge, characterized by a stripe pattern parallel
to the Cu-O bonds, which can give clear diffraction peaks both
in the charge®® and spin channel, for doping close to § ~ 1/8
with a propagation vector of ~m/(2a), i.e., a periodicity of
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~4a, where a is the lattice parameter along the Cu-O bonds.
Besides the above mentioned Cu-O bond stretching anomaly
with cosine shape, an additional marked dip and a sizable
broadening of the line shape is observed for the same phonon
branch, close to the wave stripe vector q = (0.25,0,0);'%1 it
has been established that such feature can not be simulated by
DFT."

Large electron-phonon coupling can drive both phonon
softening and broadening as it has been established, for
example, in the case of classical superconductors such as,
e.g., Nb'® and, more recently, in YNi,B,C.!” For cuprates, the
issue remains controversial. In order to elucidate this aspect,
we investigate the lattice dynamics in superconducting, under-
doped Ca,_,CuO;Cl,, using inelastic x-ray scattering (IXS)
and compare our results with lattice dynamics calculations
based on a shell model.

Doping Ca,CuO,Cl, oxychloride systems leads to a new
family of HTS superconductors with 7. up to 43 K.'®!? Their
layered structure is similar to the cuprate one, characterized by
CuO; planes, but without oxygen in the blocks separating these
planes (see Fig. 1, left panel). These compounds represent
an ideal test bench for the physics governing the high 7,
superconductivity, which is commonly believed to depend
only on the CuO, planes, independently from the details of
the oxide blocks between them. In particular, oxychlorides
have a chlorine ion that replaces the apical oxygen. The
apical oxygen is important for the dynamics of the anionic
octahedra surrounding the copper cation on most of the hole-
doped cuprates. Moreover, oxychlorides are ideal for studying
phonon dispersions, particularly the one of the copper-oxygen
bond stretching mode by means of IXS spectroscopy, because
they are composed only of low Z elements, thus yielding a
higher IXS signal, due to the weaker photoelectric absorption
compared to the cuprates, and also thanks to their simple
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FIG. 1. (Color online) Drawing?! of the unit cell of
Ca,Cu0,Cl,.22 The square coordination of copper with its four
nearest-neighbor oxygen ions in the CuO, planes is shown. The
chlorine ions are located in the apical site above the copper.

one-layer structure with small disorder, which reduces the
number of modes to be measured and calculated. We note
that these characteristics should also facilitate ab initio
calculations. Underdoped oxychlorides show a modulation in
the charge density, as their cuprate counterpart. However, this
modulation is observed only in real space, using scanning
tunelling microscopy (STM),?® with a periodicity of ~4a as
for the stripes, but, up to now, not in diffraction.

In this work, we present a study of the phonon dispersion
in superconducting Ca,_,CuO,Cl, doped with Ca vacancies.
The study is as complete as possible, considering limitation
from the crystal mosaic for the particular technique used
(IXS), and the limited beam-time available on such highly
specialized synchrotron experiment. We interpret the results
using lattice dynamical calculations based on a shell model,
and we compare our results to those obtained for other hole-
doped cuprates, in particular the ones isomorphic to LSCO
(T structure).'*?32* We found that an anomalous dip in the
Cu-O bond stretching dispersion develops also in oxychlorides
with a simultaneous marked broadening of the mode. The
maximum of the broadening appears at the charge-modulation
propagation vector of ~[m/(2a)00]. In addition to this
effect, by comparing our results on the longitudinal Cu-O
bond-stretching mode in superconducting Ca,_,CuO,Cl, to
our model, we found that screening effect may lead to a
simultaneous bending down of the whole dispersion along
both the (¢ 0 0) and (g g 0) directions.

II. METHODS

A. Crystal growth and characteristics

We studied three different crystals of Ca,_,CuO,Cl,,
selected from several ones, with sizes of the order of 0.5
to 1 mm, from different batches, after a screening of their
superconducting and crystalline properties as measured by the
MeiBner effect in a superconducting quantum interference de-
vice (SQUID) magnetometer (Quantum design MPMS®©) and

PHYSICAL REVIEW B 88, 014522 (2013)

B AT 0.0

- -0.4

|

Moment (EMU)

/

5mm H =100 Oe
M‘MJ

-1.2x10° | ! \ ;
0 10 20 30 40
Temperature (K)

-1.0 =10

-1.2x10°

FIG. 2. (Color online) Chart®® of the magnetization vs tempera-
ture across the superconducting transition at 100 Oe for the sample
2b measured by IXS. (Inset) Front and side views of the crystal, as
measured in diffraction and IXS, in a grease film, with the glass fiber
holder.

the diffraction on a four-circle diffractometer equipped with
a Mo K, anode, a k-type goniometer, and a charge-coupled
device (CCD) detector (Oxford diffraction Xcalibur©). We
selected two of the crystals with nominal Ca vacancies
doping x = 0.2, grown at high temperature (1250 °C) and high
pressure (5.5 GPa),!”?? and a parent insulating Ca,CuQO,Cl,
with stoichiometric composition. The best one, sample 2b,
used for all the measurements of in-plane dispersion, of
about 0.1-mm? volume (see Fig. 2), shows a superconducting
transition temperature onset at 72" =33 K, with a well
defined diamagnetic jump on a temperature window A7 ~ 8K
from 10% to 90% of the magnetization, as shown in Fig. 2. This
corresponds to an underdoped compound with a Ca deficiency
x ~ 0.16 £ 0.01, slightly lower than the nominal one. The
sample was protected from moist by a film of grease (Apizon
N©) in order to avoid formation of hydroxides, during all the
measurements. The grease film was also used to hold it on the
borosilicate glass sample holder for diffraction and inelastic
x-ray scattering (IXS), as shown in Fig. 2 (inset). The second
doped crystal, named 1b, has also a nominal vacancy doping
x = 0.2, similar crystalline and superconducting properties.

B. Inelastic x-ray scattering

The sample 2b was mounted in a vacuum chamber with
Kapton©windows, with the scattering plane ([(1,1,0),(0,0,1)]
for measurements along (1,1,0) and [(1,0,0),(0,1,0)] for mea-
surements along (1,0,0). The angular width of the (200) Bragg
reflection rocking curve was 0.01° FWHM, proving excellent
single-crystal quality in-plane. The second sample, 1b, was
mounted with the direction (0,0,1) in the plane of scattering,
but it revealed a large mosaic in the ¢* direction, preventing
us from completing the measurements along (0,0, 1). This also
prevented us for doing measurements on modes with in-plane
propagation but out-of-plane polarization as, notably, the
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FIG. 3. (Color online) Plot* of the measured IXS intensities as a function of energy on Ca,_,CuO,Cl, for the propagation vector
corresponding to the middle of the Brillouin zone along three different symmetry in-plane lines. Left column shows the overall data, while the
right column shows the respective zoom at the high energy of the Cu-O bond stretching mode. (Top) Longitudinal at (0.25 0.25 0), with %,
symmetry. (Middle) Longitudinal at (0.25 0 0), with A; symmetry. (Bottom) Transverse at (0 0.25 0), with A; symmetry. Red lines are fit to
the data described in the text. The contribution from the Cu-O bond stretching mode is singled out as a black line.

oxygen buckling modes. The third, undoped, sample showed a
mosaic too large for doing any phonon measurement. Phonons
were measured from (1,1,0) to (2.2, 2.2, 0) along (1,1,0) and
from (2,0,0) to (3,0,0) along (1,0,0) in longitudinal geometry,
and from (3,0,0) up to (3, 0.5, 0) in transverse one.

The main monochromator was set to the Si (9 9 9) Bragg
reflection, with a wavelength of 0.6968 A (17794 eV) and an
energy resolution AE = 3.0 £0.2 meV (see Ref. 26-28 for
details). The back-scattered beam is focused by a platinum-
coated toroidal mirror, which provided a focal spot at the
sample position of 0.270 (horizontal) and 0.080 (vertical)
mm? FWHM at the sample position. The IXS spectrometer®’
was used with a setup allowing simultaneous measurements
from 5 analyzers. Analyzer slits were open to (60 x 60) mm,
thus integrating over a solid angle of 0.6°, amounting to a Q
resolution of £0.416 nm~! corresponding to approximately
0.06 of the Brillouin zone along (1,0,0).

Figure 3 shows representative IXS spectra for three different
directions, longitudinal along (¢ ¢ 0), with X; character,
longitudinal along the (¢ 0 0) direction, with A; character,
and transverse along the equivalent (0 g 0) direction, with A3
character, for the same value ¢ = 0.25. Continuous lines are
a model, consisting of a Lorentzian function, convoluted with
the instrumental function. The model is chosen to fit the data
using a x> minimization procedure.’”

In Ca,_,CuO,Cl,, the contrast between the elastic line
and the low-energy mode on one side and high-energy

mode on the other, is not as strong as in other cuprates.
The ratio is determined by the ions number of electrons,
as the IXS scattering yield is proportional to Z> and the
photoelectron absorption to Z*, so that the high-Z elements
dominate in a system with different atomic species, while
the high-energy modes come almost exclusively from light
element vibrations.?>*3 In other cuprate systems, measuring
the high-energy mode dispersion is therefore possible only at
few (~10) degrees Kelvin, where the Bose factor is strongly
reduced for modes below 25 meV, compared to the intensity
at room temperature.** The measurements presented here are,
in turn, all taken at room temperature, so that the contrast in
the intensities between high and low energy is largely due to
the Bose contributions, still allowing the measurements of all
high-energy phonon modes.

C. Calculations

The phonon dispersion is simulated using the lattice dy-
namical calculation package OPENPHONON, based on a shell
model, further adapted for compilation with PYTHON 2.7.3¢ In
order to be consistent with previous studies on the phonon
dispersion in cuprates by INS'4?3 and IXS,'337-3 we used a
common potential model for cuprates, where the interatomic
potentials have been derived from a comparison of the INS
results for different HTcS compounds by Chaplot et al..** In
this model, a screening of the Coulomb potential is added in
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TABLE I. Ion parameters of the lattice dynamical shell model
described in the text.

Z(k) Y (k) K (k) (nm™")
o) —-1.56 -3.0 1800
Cl —0.92 -1.0 1800
Cu 1.64 3.0 2000
Ca 1.66 3.0 700

order to simulate the effect of the free carriers introduced by
doping. In the same way as described by Chaplot (see Ref. 39)
for metallic La;_xSrxCuO4 and YBa;Cu3;O7, we replaced the
long-range Coulomb potential V,.(q) by V.(q)/€(g), and for the
dielectric function, we took the semiclassical Thomas-Fermi
limit of €(g) = 1 + «2/q?, where k2 indicates the screening
vector. In our calculation, we estimate a screening wave
number x; = % ~ 0.4 A1, where a is the lattice parameter,
which corresponds to a doping of about 10% according to
Ref. 39. For ions and bonds not included in the previous model,
we used the parameters used by Mittal et al.*’ for Cl and by
Chaplot*! for Ca as a starting point of our refinement. We used
the experimental lattice parameters as reported in Ref. 19.
The solution is stable with the set of atomic potentials found
without adding any additional force constant to equilibrate
the fictitious forces originating from anharmonic contributions
when using real structural parameters in a quasiharmonic
approximation. A summary of the ion and bond parameters
are given in Tables I and II respectively. In Fig. 4, we show the
main atomic displacement pattern as calculated by our model
at the zone center I" for the in-plane modes we have measured.

Note that, from now on, we will use the character of the
mode along a particular dispersion line as a label for the line
itself [e.g., A for the line (¢ 0 0) in longitudinal geometry],
and the zone center character as a label for the whole mode
dispersion [e.g., Eu(1) along A for the Cu-O bond stretching
mode along the line (¢ 0 0) in longitudinal geometry].

III. RESULTS

IXS spectra show overall well defined phonon modes, in
general with resolution-limited energy width, with the notable
exception of the Cu-O bond stretching mode [Eu(1)] along
A. They therefore present no difficulty for the fit procedure,
in order to determine the phonon frequencies, width, and
intensities.

The parameters obtained from the fitting of these and
several other spectra are plotted in Fig. 5, for the frequency

TABLE II. Bond parameters of the lattice dynamical shell model
described in the text.

k-k’ A (V) R (A) Cuw (eV A%
Cu-O 4000 0.228
Cu-Cl 4000 0.29

0-0 2000 0.284 100
Ca-O 1600 0.304

CI-Cl 2000 0.34
Ca-Cl 1600 0.33
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FIG. 4. (Color online) Drawing?' of the atomic displacements of
the in-plane modes that we have measured at the zone center I', as
calculated by our lattice dynamical model described in the text. For
each mode, we give its character, and the calculated frequency at I'.
We highlight the octahedron formed by the anions, with the two apical
chlorines and the four square coordinated oxygens, around the copper,
in order to single out the differences and similarities with analogue
displacements in hole-doped cuprates with T structure as, e.g., shown
in Ref. 24. The calcium cations lies outside the octahedron, on the
vertical of the apical chlorine one.

mode dispersions, and Fig. 6, for the mode intensities. In Fig. 5,
the experimental frequencies obtained by IXS are compared
with the calculated dispersions. We also include experimental
zone center modes estimated frequencies, obtained by infrared
absorption on heavily underdoped Ca,;_,Na,CuO,Cl, (x = 0,
0.3) in Ref. 42. In Fig. 6, the IXS intensities are compared with
the dynamical structure factor calculated using the eigenvector
simulated in our model. Overall, we observe a good agreement
between the measured frequencies and intensities, on one side,
and the calculated ones on the other side. This with the notable
exception of (1) the highest-energy optic mode, the Cu-O bond
stretching, with A; symmetry, (2) a spurious intensity at very
low frequency, at about 8 meV, with flat dispersion in-plane,
(3) the dispersion for the Eu(3) mode, the Cu-O bond-bending,
along A}, away from the zone center, and (4) the acoustic X,
mode close to the zone boundary.

The first anomaly is well known and widely
debated,>® while the other anomalies are rather new. We dis-
cuss the details of our observation and possible interpretations
in the following section. In Tables I and II, we give the ionic
and bond parameters used for the model shown in Figs. 5 and 6.

Overall, the agreement between the calculated and mea-
sured dispersion is comparable to the one found using
similar atomistic models?*-*° or even more advanced ab initio
approaches.»'* Moreover, we find a satisfying agreement
between the calculated intensities, with the experimental ones
on the IXS peak with closer frequencies of the calculated
dispersion. This not only supports the assignment we suggest
for the phonon branches we have measured but it is also a proof
of the quality of the model, as finding correct eigenvectors is
a more delicate task than finding frequencies.

13,14,23,37,38
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FIG. 5. (Color online) Chart®' of the Ca,_,CuO,Cl, phonon dispersion (blue circles) measured by IXS and calculated frequencies using
the shell model of lattice dynamics described in the text (red line). We also indicate, on the left panel, the frequencies at the zone center I',
extrapolated from their positions in the infrared spectra reported in Ref. 42 (empty triangle-right).

IV. DISCUSSION

The lattice dynamical shell model has been refined only
with a limited tuning of the ionic and bond parameters
concerning the chlorine and calcium ions, otherwise imposing
the parameters from Ref. 39, confirming that the common
potential model is appropriate for the cuprates. We would like
to discuss now in more details our present understanding of
the discrepancies between the data and the calculations.

a. Dispersionless intensity at about 8§ meV. We observe a
low-energy flat mode (point 2 above) in-plane, mainly along
the A; and Aj directions. Along the ¥, direction, the fitting
of the central line is improved if we add some intensity in
the same frequency region, but it is not well resolved, with
perhaps the exception of the zone boundary. The difference is
possibly due to the larger intensity of the elastic line in the
geometry corresponding to X; scattering, which is accidental,
and therefore, we can not consider this anomalous excitation
anisotropic from our data. In the A; and Aj directions, it
appears as a rather shallow intensity between the elastic line
and the acoustic mode but with an intensity well above the
background. For a few scans only, it appears with a well
defined maximum. The origin of this mode is not understood
at the moment but it is also observed in a closely related
system for which we are presently running experimental
investigations*® in order to test different hypotheses of the
nature of this additional mode, including defect vibrational
states and phonon modes activated by symmetry breaking.
We note also that several works using Raman scattering

and infrared absorption in underdoped La,_, Sr, CuO4+54448
found intensity at a similar energy in an underdoped sample,
which is attributed to modes related to the stripe charge
modulations.

b. Acoustic ¥y mode close to the zone boundary. The
anomaly on the X; acoustic mode close to the zone boundary
concerns only one point, while the rest of the dispersion fits
quite well with our simulations, both for the frequencies and
the intensities. It would be nevertheless interesting to further
study this mode, by complementary ab initio calculations, to
verify our findings, as well as with more detailed measure-
ments close to the zone boundary.

c. Cu-0 bond bending mode. The calculated frequency of
the Cu-O bond bending mode at the zone center I' is very
close to the experimental IR position for the corresponding
Eu(2) mode, but our calculation shows an upward dispersion,
which does not seem to be confirmed by our data along As.
Indeed, the experimental intensity along A3 between 30 and
40 meV seems to lie at a lower energy with respect to the
calculated one. However, the Cu-O bond bending mode has
a relatively low yield, along both A; and Aj;, comparable
to the bond-stretching one, while being at a lower energy.
They are therefore measured on top of the tails of the much
stronger modes at lower energy, as described above, a fact
that complicates their detection. A further investigation of this
dispersion along A; and A3 would be possible only at low
temperature, as discussed above. Note that, on the contrary,
for the corresponding Eu(2) mode along X;, the mode is
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FIG. 6. (Color online) Calculated (lines) and experimental (symbols) inelastic scattering intensities for phonon modes in Ca,_,CuO,Cl,
CuO, with character A, (left), A3 (center), and X, (right).3' The intensity units are arbitrary for calculations. The experimentally reported
areas of peak units are in //fyx meV and are multiplied by a common factor for all modes for a given line in the Brillouin zone. Mode
assignment is based on the closest experimental frequency to a given calculated mode. The only exception is the acoustic and(or) Eu(4) mode
at ¢ = (3,0.5,0), for which both assignments are proposed (and match) the calculated one. Labels correspond to the modes character at the

zone center as explained in the text.

reasonably well resolved and matches very well both the
calculated frequency dispersion and the intensity.

d. Cu-0 bond stretching mode. Concerning the Cu-O bond
stretching along the bond direction, (¢ 0 0), we calculate a
symmetrical dispersion in the extended zone, similarly to other
cuprate with T structure. Frequencies at both zone centerg = 0
and extended zone boundary g = 27 are the same and do not
change with doping in the systems where doping dependence
is known (see, for example, Refs. 14 and 49). For such a
branch, the mode has a vanishing small dynamical structure
factor, so we can not compare directly the dispersion close to
the zone center and g = 2%. On the other hand, IR data show
a well defined phonon mode at the zone center but only in
the insulating phases. We remark that the IR data assigned to
the EU(1) mode on heavily underdoped samples correspond
very well to the frequency we found at the zone boundary for
both A; and Az Cu-O bond stretching modes. This suggests
that the physics for this mode is very similar to the one of
La,_,Sr,CuOy,s,"** despite the present lack of dispersion
data in the undoped parent compound, and of mode frequencies
an the zone center I in the doped one.

In Fig. 7, top panels, we show the details of the Cu-O bond
stretching for the direction with A; (half-breathing) and X,
(full-breathing) character and compare to our lattice dynamics
simulations, with different screening wave number «;. In the
same figure, bottom panel, we can follow the corresponding
broadening of the mode, which starts at a value of less than 1
meV, once the instrumental resolution is subtracted, to end up
at more than 12 meV. Note that the softening and simultaneous
broadening is observed only for the mode with character A
propagating along (¢00) (Fig. 7, left, top, and bottom). The

same mode propagating along the diagonal (X, Fig. 7, left) is
dispersing upward, with a line shape that is resolution limited,
as in other cuprates.'*

STM experiments in oxychlorides” report a modulation
of the Fourier transform of the differential conductance map
g(r,E) at wave vectors of (ng, 0 0) with n integer and g ~
0.25, i.e., for modulations with a periodicity corresponding to
4a. This is reminiscent of what happens in cuprates'*!> and
other perovskite-like ternary transition metal oxides,’® with
the difference that in oxychlorides, there is no observation
of static diffraction by charge density modulation. We can
then confirm that the observation of STM has a dynamical
precursor at room temperature, similar to the stripes in other
cuprates. Note that the pattern observed by STM was first
labeled as “checkerboard”,?’ although this was not confirmed
by further studies®! that maintained, however, a Cu-O-Cu
bond-centered electronic pattern without long-range order
but with four-lattice-constant-wide unidirectional electronic
domains.’! Indeed, for a checkerboard pattern, we should
have observed the same phonon anomaly along both the A
and the X, directions, as it is the case in those transition
metal oxides where such a modulation is present.50 Here, we
observe the anomaly only for the mode with A; character,
which is in agreement with other cuprates showing a stripe
charge modulation pattern.'*!3

Regardless of the exact pattern of the charge modulation,
we note that such anomaly can not be accounted for in
simple models based on Fermi-liquid band type as the DFT
ones,’ as the charge modulations themselves can not be
simulated in such theoretical framework. We remark also that
the propagation vector (n0.25 0 0) of these unidirectional

20
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FIG. 7. (Color online) (Top) Ca,_,CuO,Cl, Cu-O bond-
stretching dispersions (blue circles) measured by IXS and calculated
frequencies using a shell model of lattice dynamics; (top, left) along
(g 0 0) (Ay) and (top, right) along (¢ ¢ 0) (X;). Black lines
corresponds to a model with lower doping and a screening wave
number k; = 3-, while red lines corresponds to a model with higher
doping, and a screening wave number k; = Zl, The blue dashed line
is a cosine function compared to the data of A, symmetry in order
to show the marked anomaly at ¢ ~ 0.75. Bottom panel: Blue full
circles are the FWHM of the IXS data corresponding to the Cu-O
bond-stretching mode along (¢ 0 0), showing a maximum around
g ~0.753"

electronic domains, where we observe the “sharp dip” anomaly
(see Fig. 7), would correspond to a nesting vector of the Fermi
surface, as reported for Na-doped Ca,CuO,Cl,,> although the
region of the Fermi surface connected by this vector does not
show well defined quasiparticles.

Apart from this peculiar anomaly close to the charge-
modulation wave vector (7 /2a 0 0), it has been claimed that
the overall bending down of the mode with A; character is
well reproduced by DFT calculations,*>’ which reproduce
a smooth cosine function shape. These calculations found
that such mode has one of the highest couplings with
charge carriers. Nevertheless, the calculated electron-phonon
coupling was still too low to account for the strong kink
in ARPES dispersion,’ and the very high T, of cuprates.*
Moreover, similar calculations showed a concurrent strong
downward bending of the X; mode, which can lead to
discrepancies at the zone boundary X (w/a w/a 0) between
calculated and experimental frequencies in optimal or slightly
underdoped compounds up to 10 meV.*7 It was suggested
that such a difference originates from unrelated effects over
the two directions (¢ 0 0) and (g g 0).* Note that Giustino
and co-workers in Ref. 5 use the label half-breathing and
full-breathing to distinguish Cu-O bond-stretching modes with
different character, as in other works,*’ but the full-breathing
label is not consistent throughout the literature, as it indicates
modes with X character in Ref. 49, while misleadingly labels
a dispersion along (¢ 0 0) with Aj character in Ref. 5. It is
worthwhile to notice that the later dispersion has been found
to be flat for all dopings, either experimentally or theoretically.
At the same time, the authors of Ref. 5 do not show their results
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along ¥, where a very bad agreement is found in other DFT
calculations*” and experimental data. We therefore avoid the
“breathing” notation.

Contrary to DFT simulations, our simple lattice dynamical
calculation, based on a shell model, reproduces well the
dispersion of the mode with X; character, while it is missing
the softening of the one with A; character when using a
screening wave number of k; = 5. (see Fig. 7). When we
increase the doping, and consequently the screening wave
number, we observe a modest softening for both bands. The
effect is relatively weak in our calculations, as we have
kept all other parameters fixed, in order to allow a direct
comparison between the two cases. The important point here
is that the softening affects exclusively the modes with A; and
3 character, with a trend that reproduces the experimental
one with increasing doping. This suggests that overestimated
screening effects can lead to simulations that reproduce the
dispersion at much higher doping. If compared to optimal
or slightly underdoped compounds, this gives a dispersion
that is accidentally similar to the one for the mode with A
character while giving a large difference between calculation
and experimental dispersion for the mode with ¥, character,
and accordingly underestimates the electron-phonon coupling.
Indeed, the dispersion found in Refs. 4 and 5 for the Cu-O
bond-stretching modes with A and X, character is strikingly
similar to the experimental dispersion found only in the
highly overdoped cuprates La,_, M,CuO4 (M = Sr,Ba).'>*
Therefore a possible unique origin for the softening of modes
with both A and X; character in DFT calculations can not be
ruled out. This would imply that the phonon simulations by
DFT correspond to a much higher doping, which, because of
the larger screening, have a lower electron-phonon coupling.
To confirm such conclusion also in oxychlorides, it would be
important to compare with DFT calculations and to have data
on the undoped parent compound.

V. CONCLUSIONS

We presented an extended study of the phonon dispersion
in superconducting Ca,_,CuO,Cl,, doped with Ca vacancies,
close to optimal doping. We interpret the results using lattice
dynamical calculations based on a shell model, and we
compare them to what was obtained for other hole-doped
cuprates, in particular, with the T structure. We found an overall
agreement between our model and the data, confirming the
good choice of parameters of the common interatomic poten-
tial for the lattice dynamics of cuprates proposed in Ref. 39.
An anomalous dip in the Cu-O bond stretching dispersion
develops also in oxychlorides with a simultaneous marked
broadening of the mode. The broadening maximum appears at
~[m/(2a) 0 0], which corresponds to the charge-modulation
propagation vector, observed by means of STM experiments.>’
Our data thus unveil a dynamic precursor state of the
above modulations. By comparing our measurements on the
longitudinal Cu-O bond-stretching mode in superconducting
Ca;_,Cu0O,Cl, with our model, we found that the screening
effect may bend downwards simultaneously the dispersions
along the (¢ 0 0) and (g ¢ 0) directions, a result that can help
explain the discrepancies between phonon dispersions based
on DFT calculations*” and the experimental data in cuprates.
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