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Doping-dependent phonon anomaly and charge-order phenomena in the HgBa,CuOy4.;
and HgBa,CaCu,0¢,; superconductors
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Using resonant x-ray diffraction and Raman spectroscopy, we study charge correlations and lattice dynamics
in two model cuprates, HgBa,CuO,;; and HgBa,CaCu,0¢,s. We observe a maximum of the characteristic
charge order temperature around the same hole concentration (p & 0.09) in both compounds, and concomitant
pronounced anomalies in the lattice dynamics that involve the motion of atoms in and/or adjacent to the CuO,
layers. These anomalies are already present at room temperature, and therefore precede the formation of the
static charge correlations, and we attribute them to an instability of the CuO, layers. Our finding implies that the
charge order in the cuprates is an emergent phenomenon, driven by a fundamental variation in both lattice and

electronic properties as a function of doping.
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The nature of the charge-order phenomena in the high-
temperature superconducting cuprates has attracted intense
research interest [1]. Historically, the tendency toward charge
order (CO) in these doped Mott insulators [2] was first noted
theoretically in the context of charge-magnetic stripes [3,4],
which were subsequently observed in the La-214 cuprates
near p = 1/8 doping [5,6]. Related observations made for
other cuprate families [7-14], however, pointed to a con-
nection to Fermi-surface nesting properties of the mo-
bile carriers [9—12], and indeed the doping dependence
of the CO wave vector was found to differ from that of
stripes [15]. In addition to the general observation of two-
dimensional short-range charge correlations, recent exper-
iments revealed new phenomena, including reentrant CO
in overdoped Bi;Sr,CuQOg,s [16], three-dimensional CO in-
duced by a variety of external fields in YBa;Cu30Og¢.s
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[13,17-19], and significant dynamic charge correlations al-
ready at high temperatures [20-22]. These observations in-
dicate an intriguing interplay among electron correlations,
band-structure properties, and lattice response, and they add
to the challenge to understand the phase diagram.

The present study aims to investigate the connection be-
tween the lattice and incipient CO in HgBa,CuOy4, s (Hg1201)
and HgBa,CaCu,;0¢;s (Hgl212), two cuprates that may be
viewed as model systems since they feature simple tetrago-
nal primitive cells (with one and two CuO, layers, respec-
tively) and the highest optimal critical temperature values
(Te.max = 98 K and 127 K, respectively) among single- and
double-layer cuprates [24,25]. Hg1201 has been studied more
extensively than Hgl1212, and the model nature of the for-
mer is also apparent from, e.g., charge transport [13,26-31],
optical spectroscopy [32-34], and neutron-scattering experi-
ments [35-37].

Our key results are summarized in Fig. 1. We observe broad
maxima of the CO onset temperatures (7¢o) as a function of
the hole concentration in the CuO; layers, using both resonant
x-ray diffraction (RXD) and Raman spectroscopy. In both
systems, the maximal Tgo is found in samples with critical
temperatures (7;) of about 70% of the maximal 7., which
corresponds to p & 0.09 [23] (determination of p is detailed
in the Supplemental Material [38], and references [39,40]
therein). These results confirm previous observations for
Hgl1201 [11,14,41], extend them to Hg1212 using both tech-
niques, and hence establish the universal existence of CO
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FIG. 1. (a) Crystal structures of Hg1201 and Hgl1212. Empty
symbols indicate the primary atoms involved in the c-axis vibration
of the A;; phonons and correspond to (b), (d), (e), and (f). (b) Doping
dependence of the apical-oxygen A, phonon in Hg1201. (c) Phase
diagram of Hg1201 [14,23]. Symbols indicate characteristic onset
temperatures Tco of charge correlations determined via Raman By,
modes and RXD [14]. (d)—~(f) Doping dependence of A;, phonons
in Hg1212. (g) Tco determined via Raman B,, modes and RXD for
Hgl1212. The doping dependence of T. is scaled up from that of
Hg1201 [23] to T max = 127 K.

phenomena in the Hg family of cuprates. Most importantly,
our Raman data also reveal a pronounced anomaly in the
lattice dynamics of both Hg1201 and Hg1212. This anomaly
occurs at about the same doping level as the maximal ¢, per-
tains to phonons that primarily involve c-axis motion of atoms
in and/or adjacent to the CuO, layers, and is clearly visible
already at room temperature, i.e., above Tco. These results
and related earlier Raman scattering work on Hgl1201 [42]
suggest dual structural and electronic variations at the ori-
gin of the Tgo(p) maximum and the 7.(p) plateau. Indeed,
while there exists evidence for dynamic charge correlations
throughout the entire superconducting doping range from
neutron-scattering measurements of phonon anomalies [43]
and resonant inelastic x-ray scattering measurements [20-22],
the relatively unstable lattice may promote the CO phenomena
in this narrower doping range.

The Hgl201 and Hgl212 single crystals were grown
with flux methods [25,44]. Samples with different oxygen
(and hence hole) concentrations were obtained either in the
as-grown state or via postgrowth annealing [25,26]. For
Hg1201, we measured underdoped (UD), optimally doped

(OP), and overdoped (OD) samples, and we label samples
as, e.g., “UD82,” where the number indicates 7; in kelvin.
For Hg1212, all samples were underdoped because annealing
crystals to high doping is technically difficult [25]. The RXD
experiments were performed at the UE46 PGM-1 beamline
of the BESSY-II synchrotron and the REIXS beamline of the
Canadian Light Source. The measurements were performed
with soft x-ray photons tuned to the energy of the Cu L3
resonant absorption edge, on crystals that were freshly pol-
ished parallel to the ab plane [38]. The Raman-scattering
experiments were performed in a confocal backscattering
geometry with a Horiba Jobin Yvon LabRAM HR Evolution
spectrometer equipped with 600 and 1800 gr/mm gratings and
a liquid-nitrogen-cooled charge-coupled device detector. The
A = 632.8 nm line from a He-Ne laser was used for excitation.
The laser beam had a power of less than 1.0 mW, and was
focused down to an ~10-um-diameter spot onto the freshly
polished samples that were mounted in a liquid-helium flow
cryostat and studied under ultrahigh vacuum.

We present two types of Raman spectra, obtained with
incident and scattered linear photon polarization (1) parallel
to each other and along a diagonal of the CuO, plaquette,
and (2) perpendicular to each other and along the equivalent
a and b axes. The two measurement geometries correspond
to the A; + B, and the By, representations of the Dy, point
group [45], and are denoted as “A1,” and “Bog,” respectively.
According to factor-group analysis [46], neither Hg1201 nor
Hg1212 possesses Raman-active B,g phonons, owing to their
high-symmetry structure. Any new phonon peaks that emerge
in this geometry therefore indicate a lowering of the sym-
metry, a natural consequence of CO. The pure By, geometry
was used because it features fewer weakly-temperature-
dependent defect phonon peaks than the A, and B, coun-
terparts [42,47,48].

Figures 2(a)-2(c) display some of our Raman B, spectra
for Hg1201. For the UD82 sample [Fig. 2(a)], for example,
a sharp and well-defined phonon peak forms below T ~
250 K [38], somewhat above the CO temperature previously
determined [14] by RXD at a similar doping [Fig. 1(c)].
Nevertheless, we regard this peak’s temperature dependence
as an empirical indication of the formation of charge corre-
lations for several reasons. First, Tco is not well defined for
any cuprate, including RXD and Raman-scattering results for
Hg1201 and Hg1212 [14,38]. In particular, the nonmonotonic
“background” in RXD data [Fig. 2(d)], which was recently
ascribed to dynamic charge correlations in the optical phonon
range [22], contributes to the uncertainty in the estimation
of Tco. As an aside, we note here that the characteristic CO
temperature obtained for Hg1201 from nonlinear optical mea-
surements is in good agreement with the RXD result [14,34].
Second, despite the systematic offset which is similarly ob-
served in YBa;Cu3Og15 (YBCO) [49,50], Tco determined by
both Raman [38] and RXD [14] exhibits a broad maximum
at about p ~ 0.09 [Fig. 1(c)]. Moreover, already at room tem-
perature [Fig. 2(c)], the Raman data show a broad “precursor”
peak at slightly higher energy (~530 cm™") for samples with
intermediate doping levels, consistent with the doping range
over which charge correlations are seen by RXD at lower
temperatures. Third, at some doping levels we find a decrease
of the Raman peak amplitude below 7. [38], consistent with
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FIG. 2. (a) Temperature dependence of B,, Raman spectra taken
on a Hg1201 UD82 sample. The arrow points at 520 cm™~!, where a
sharp phonon peak develops below T = 250 K, whereas a broader
peak persists at slightly higher energy above 250 K. (b) and (c) Dop-
ing evolution of the Raman B, phonon peak at 10 and 300 K,
respectively, for Hg1201. (d) RXD data taken on a Hg1212 UD112
sample, revealing the development of charge correlation below T =~
200 K. (e) Temperature dependence of the Raman B,, phonon
peak measured on a Hg1212 UD110 sample. Data in (b), (c), and
(e) have been offset for clarity. Full data sets and analysis are
presented in [38].

the notion that CO competes with superconductivity [8,51].
This is the clearest evidence for such competition in Hg1201,
and it renders Raman scattering a sensitive probe of CO in
this system, which may in turn explain the higher observed
Tco compared to the RXD result. Dynamic charge correlations
above Tco [22] might allow disorder to induce static CO-
related lattice distortions nearby, which could explain why
the Raman effect is observed up to higher temperatures than
Tco determined by RXD. Compared to Hg1201, the compe-
tition between CO and superconductivity is somewhat more
pronounced in YBCO [49,52], possibly because of weaker
disorder effects in the latter case [53,54].

Although the Raman B, phonon peak is more difficult
to resolve for Hgl212 due to its weak intensity, an even
better correspondence between Tco values determined by
RXD and Raman is observed [Figs. 1(g), 2(d), and 2(e)]. A
possible physical origin of this difference might be that the
two probes have different degrees of sensitivity to static versus
dynamic correlations, and that dynamic correlations above
Tco are weaker and/or static correlations below Tco stronger

in Hg1212. Similar to Hg1201, the characteristic wave vector
of charge correlations in Hg1212 is determined by RXD to
be about 0.3 reciprocal lattice units (r.1.u.) [Fig. 2(d)], and the
correlation length is merely a few lattice constants [38]. By as-
suming a similar 7; versus p relationship as for Hg1201 [23],
but with the maximal T; scaled to 127 K [25,55], we arrive at
a Tco dome for Hgl1212 which is also centered at p &~ 0.09
[Fig. 1(g)]. Altogether, these results indicate the universal
presence of charge correlations in the Hg family of cuprates.
The short-range nature of these correlations, as well as the
somewhat gradual increase of the intensity on cooling (rather
than the development of a true order parameter), imply con-
siderable nanoscale inhomogeneity [14,56-60], which is the
result of dopant-related point disorder [24] and/or inherent
structural and electronic inhomogeneity [61-63].

We now turn to another major aspect of our findings,
namely, the structural instability near p =~ 0.09. This is best
seen from Raman measurements in A;, geometry, which
detect two and four zone-center vibrational modes in Hg1201
and Hgl212 [25], respectively, in addition to defect-related
and multiphonon peaks. Here we focus on the relatively
sharp and Aj.-symmetry-allowed phonon modes, which in-
volve c-axis motion of atoms [Fig. 1(a)]. We first notice
that the lowest-energy mode, marked by diamond symbols in
Fig. 3, has a doping-independent frequency in both Hg1201
and Hg1212. Following previous understanding of the lattice
dynamics [25,64,65], we attribute this mode primarily to the
vibration of the heavy barium atoms. This assignment is very
reliable for Hg1201, because only the apical oxygen and the
barium atoms can participate in A;, modes, and their masses
are very different. The corresponding mode in Hg1212 may
also involve some c-axis motion of the CuOs pyramids as rigid
units, which could explain the mode’s lower frequency com-
pared to Hg1201. The doping independence of these modes
is not surprising, since the change in the oxygen content is
minute and confined to the Hg layer [24], and because the
modes do not deform the CuO, layers.

In contrast, we find that all of the remaining A, phonons
exhibit a pronounced frequency anomaly with doping, around
UD77 in Hg1201 and UD98 in Hg1212. This is summarized
in Figs. 1(b) and 1(d)-1(f), respectively. The O(1) phonon
in Hg1201 exhibits a frequency maximum, whereas the Cu,
O(1), and O(2) phonons in Hg1212 exhibit frequency minima.
While the different manifestations of the anomaly in the two
systems warrants further study, all these effects are observed
at p ~ 0.09, i.e., where Tgo exhibits a maximum in both sys-
tems. On the technical side, we remark that the effect is very
prominent in Hg1201, where we expect phonons that involve
the in-plane Cu and O(2) atoms to exhibit related anomalous
doping dependence as well, and it will be interesting to study
those modes by, e.g., optical spectroscopy (those modes are
not Raman active in Hg1201), and to search for similar effects
in other cuprates. Although the anomalous phonon peaks
in Hgl1212 are less well separated from neighboring defect-
related peaks, the three peaks exhibit the same anomalous
trend with doping [albeit with different frequency variations;
note the different vertical scales in Figs. 1(d)-1(f)].

As seen from Fig. 1, the observed anomalies are similarly
pronounced at 20 and 300 K, which indicates that they are not
a consequence of the CO, but rather a precursor phenomenon.
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FIG. 3. (a),(b) Doping dependence of A;, Raman peaks in Hg1201 at 300 and 20 K, respectively. (c),(d) Doping dependence of A;, Raman
peaks in Hg1212 at 300 and 20 K, respectively. Data are offset for clarity. The atoms primarily involved in the vibrations are indicated at the
bottom. Peak positions are indicated by symbols consistent with those in Fig. 1. Vertical dashed lines are guides to the eye.

It is revealing that all of the anomalous phonons bring about
lattice deformations that could change the electronic prop-
erties in the quintessential CuO, layers: the apical-oxygen
height is known to affect 7; [66] and magnetic exchange
interactions [67], because it affects the electronic in-plane
hopping range, whereas the relative c-axis displacements of
in-plane Cu and O(2) atoms are expected to influence the band
structure and the nearest-neighbor exchange interactions even
more strongly, since they modify the Cu-O-Cu bond angle.
Therefore, we believe that the phonon anomalies actually
indicate a fundamental variation in the electronic properties
of the CuO; layers near p =~ 0.09. In a previous electronic
Raman-scattering study of Hgl201 [42], it was found that
the size of the antinodal superconducting gap exhibits a
pronounced change around the same doping level, consistent
with a correlation between the electronic and lattice degrees
of freedom.

We believe that it is important to understand the micro-
scopic origin of the electronic variations near p ~ 0.09, since
the doping level coincides with the center of the dome-shaped
CO phase and T.(p) plateau, and because the charge-density
correlations are related to other important aspects of high-
T. physics, including the pseudogap and superconductivity
itself [1,22,41]. Since the CO and 7..(p) plateau are universally
observed in the cuprates, it is likely that the phenomena
observed here for Hg1201 and Hgl212 reflect a universal
underlying electron-lattice instability of the doped CuO, lay-
ers, with somewhat different manifestations in different com-
pounds. For example, the La-214 cuprates exhibit a structural
instability near p = 1/8, where charge-spin stripe correlations
are most pronounced, along with a suppression of 7, [68].
The stripe formation can be understood as a tendency of the
doped CuQO; layers to maintain local electronic environments
that resemble the undoped Mott-insulating state. Another
example is YBCO, for which the T.(p) plateau is centered at
p = 1/8 [69], where CO is most pronounced [7,8]. The dif-
ferent apparent doping levels at which this instability occurs
(p =~ 0.09 for Hg1201 and Hg1212 versus p ~ 1/8 for La-214

and YBCO) might be associated with material-specific prop-
erties and the indirect manner in which the hole concentration
is estimated [14,23].

Our findings indicate an important role of disor-
der [14,53,54,56-60] in the phenomenology of short-range
CO. In the presence of a fundamental combined electronic-
lattice instability, disorder effects are expected to be enhanced,
and could manifest themselves as nucleation of static yet
short-ranged charge correlations, and furthermore alter the
temperature dependence of observables associated with the
CO. Recent theoretical studies [53,54] suggest that, in a suf-
ficiently disordered sample, the competition between CO and
superconductivity would no longer be visible as a maximum
of CO scattering intensity near 7, which is qualitatively
consistent with our Raman results (Supplemental Material
Figs. S4-S6 in [38]): the maximum becomes less pronounced
in Hg1201 samples with higher dopant concentrations, and
is not noticeable in Hgl1212 presumably because of lower
crystal quality. In the Hg family of cuprates, native doping-
related disorder is located relatively far away from the CuO,
layers [24], but if the enhancement of disorder effects due
to the electronic-lattice instability is stronger than in YBCO,
the seemingly weaker competition between CO and super-
conductivity can be rationalized. Finally, we note that recent
work on oxide superconductors, including the cuprates, points
to universal lattice (and hence electronic) inhomogeneity in
perovskite-based compounds [63], i.e., there exist substantial
deviations from the average lattice structure that may be
enhanced at certain doping levels. In the case of the cuprates,
the primary CO phenomenon is the localization of one hole
per CuO, with decreasing doping and temperature [31,62],
and the anomalies observed in the present work will need to
be understood in this larger context.

In summary, we report a comprehensive spectroscopic
study of the first two members of the Hg family of cuprates.
We observe common behavior in both the domelike shape
of the CO region in the phase diagram and the presence of
a phonon-frequency anomaly with doping, which is already

220509-4



DOPING-DEPENDENT PHONON ANOMALY AND ...

PHYSICAL REVIEW B 101, 220509(R) (2020)

observable at temperatures above Tgo, preceding the CO
formation. The occurrence of these behaviors around the same
doping level, along with the fact that they both involve the
CuO; layers, suggests that they are fundamentally related.
Our finding calls for closer scrutiny of combined lattice and
electronic anomalies in other high-7; cuprates in order to
further clarify how the CO phenomena and superconductivity
are influenced by doping-dependent variations that occur at
high energy and temperature scales.
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