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Abstract

The systematic evolution of the structural, vibrational, and superconducting properties
of nearly optimally doped Tl2Ba2CaCu2O 8 + δ with pressure up to 30 GPa is studied by
x-ray diffraction, Raman scattering, and magnetic susceptibility measurements. No phase
transformation is observed in the studied pressure regime. The obtained lattice parameters and
unit-cell volume continuously decrease with pressure by following the expected equation of
state. The axial ratio of c/a exhibits an anomaly starting from 9 GPa. At such a pressure
level, the deviation from the nonlinear variation of the phonon frequencies is detected.
Both the above observations indicate the enhancement of the distortion upon compression.
The superconducting transition temperature is found to exhibit a parabolic behavior with a
maximum of 114 K around 7 GPa. We demonstrate that the interplay between the intrinsic
pressure variables and distortion controls the superconductivity.
Keywords: pressure, superconductivity, distortion, Raman, x-ray diffraction
(Some figures may appear in colour only in the online journal)

1. Introduction

Lattice distortion has been generally observed to significantly affect the superconducting transition temperature Tc
of many cuprates [11–19]. Distortion is usually introduced
into the cation sites in the plane adjacent to the CuO2 plane
through the cation substitution [13–19]. In the La2CuO4-based
system, fixing the mean A-site cation radius of the optimally
doped compounds, the only change of the size variance also
can rapidly suppress Tc in the same manner as the substitution of diamagnetic elements such as Zn for Cu [11, 12]. The
single-layer Bi2Sr2CuO 6 + δ was suggested to share the similar mechanism for the distortion effect on superconductivity
[15]. However, a systematic study [16] on both Bi2Sr2CuO 6 + δ

Superconductivity in cuprates usually appears at certain doping
levels in which spin and charge stripes [1], pseudogap [2–4], spin
glass [5], charge order [6–8], antiferromagnetic [9] and charge
density wave [10] coexist and/or compete with superconductivity.
Whether a general principle underlies the relationship between
superconductivity and these competing orders is an outstanding
question. Finding its answer(s) would eventually revolutionize
condensed matter physics. Even an empirical connection between
superconductivity and competing orders could offer new opportunities to the search for novel superconducting materials.
0953-8984/15/445701+8$33.00
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and superconductivity to address the above mentioned issues.
Our central experimental finding is that the distortion of this
superconductor develop with pressure above 10 GPa, and
Tc undertakes a significant change over the pressure range
studied. Our results indicate that the pressure dependence on
superconductivity is controlled by both the intrinsic parameters themselves and the distortion in the studied system.

and Bi2Sr2CaCu2O 8 + δ revealed that the cation distortion is
in reality associated with the chemical inhomogeneities. The
superconducting gap of the latter was reported to be suppressed with increasing distortion mainly in the nodal region
while the antinodal gap remains almost unchanged [17]. Phase
separation was also proposed to accompany with lattice distortion in YBa2Cu3O 7 − δ (Y123)-based materials when tuning
their superconductivity through cation substitution [18, 19].
The accompaniment of chemical inhomogeneities or phase
separation to distortion [16, 18, 19] adds the complexity in
the analysis of its effects on superconductivity. Therefore, the
impact of distortion on the electronic structure and superconducting properties in high-Tc cuprates is still not clear, a task
which is very difficult even in conventional superconductors
[20]. Searching for a cleaner variable to tune and control superconductivity at fixed doping level is emergent and attractive.
Pressure changes a material only through lattice compression without bringing about any impurities and thus it has been
recognized as one clean variable for satisfying these demands.
The developments of high-pressure techniques in the past half
a century has already enabled the measurements at ambient
conditions available at high pressures. In fact, superconductivity studies [21–24] benefited a lot from these technique
developments. The record high Tc of 164 K in cuprates [25]
and the new record for superconductivity at 203 K in H-S
system [26] were achieved at high pressures. Interestingly,
Calamiotou et al [27, 28] emphasized the distortion effects
and phase separation on superconductivity under pressure in
two superconductors YBa2Cu4O8 (Y124) and Y123 and nonsuperconducting PrBa2Cu3O6.92 by combining synchrotron
x-ray diffraction (XRD) and Raman spectroscopy measurements. Their analysis strongly shows a clear anomaly in the
evolutions of both the lattice parameters and phonon modes
with pressure in these systems. The distortion was observed to
start increasing with pressure when the anomaly appears. The
observed phase separation is analogous to the one previously
reported by the same authors in these systems at ambient pressure [18, 19]. Recently, Nakayama et al [29] investigated the
crystal structure and electrical resistivity of Y124 under pressure up to 18 GPa. A dramatic change of Tc was observed to be
accompanied by a structural phase transition around 10 GPa.
This study is followed by Raman spectroscopy and ab initio
calculations [30], which confirm the phase transition. Such
complexities call for a careful examination of the roles of
pressure, distortion, and phase separation/transition on superconductivity by combing multiple techniques based on the
same sample.
Lattice instability and structural fluctuation have been
generally observed in thallium-based cuprate superconductors [10, 31–35] through the measurements of electron-diffraction, far-infrared reflectivity, and Cu K-edge extended
x-ray-absorption fine structure, suggesting a close connection
between lattice degrees of freedom and superconductivity.
This superconducting family thus offers a good opportunity
to examine the lattice distortion effects on superconductivity.
In this work, we choose a well characterized bilayer
Tl2Ba2CaCu2O 8 + δ (Tl2212) single crystal and investigate the
pressure effects on lattice evolution, vibrational properties,

2. Experimental details
The nearly optimally doped Tl2212 single crystal with Tc of 109 K
was grown by the flux method [36]. For getting good powder
diffraction data, one piece of single crystal was crashed and
grounded carefully to make fine powder grains without large
strain. A small piece of sample pellet together with a small
ruby ball was loaded to a symmetric diamond anvil cell (DAC)
with culet of 300 μm for the powder XRD measurement under
pressure. The sample chamber of about 110 μm in diameter
was created in a gasket made by the stainless steel. Neon gas
was loaded into the sample chamber as the pressure medium
using the GSECARS gas loading system at the Advanced
Photon Source, Argonne National Laboratory [37].
XRD patterns were collected by a MAR345 image plate
at pressures up to 25.6 GPa at room temperature, by using
Beamline at 16BM-D of High Pressure Collaborative Access
Team at the Advanced Photon Source, with an incident x-ray
wavelength of 0.509 17 Å. The two dimensional patterns were
integrated into one dimensional XRD patterns with Fit2D
software [38]. The intensity-versus-2θ diffraction patterns
were analyzed in terms of the Le Bail method by using GSAS
software [39, 40].
High-pressure Raman measurements were carried out by
using a DAC for ZZ polarization. The single crystal sample
with size of 50 × 50 × 20 μm3 was loaded into the sample
chamber being about 130 μm in diameter and 35 μm in thickness. Daphne 7373 was loaded inside as the pressure transmitting medium. The 532 nm line from an Nd–YAG laser was
uesd for excitation with power less than 10 mW.
We adopted a highly sensitive magnetic susceptibility technique developed for DAC to determine Tc at high pressures,
as described before [21–24]. The technique is based on the
quenching of the superconductivity and suppression of the
Meissner effect in the superconducting sample by an external
magnetic field. The magnetic field applied to the sample
inserted in the DAC mainly affects the change of the signal
coming from the sample. The Tc is then identified as the point
where the signal goes to zero because of the disappearance
of the Meissner effect. An ac circuit includes a signal coil, a
compensating coil, a high-frequency excitation coil and a lowfrequency modulating coil. A single crystal with dimensions
of 120 × 100 × 20 μm3 was loaded into a Mao-Bell DAC
which was made from hardened Be–Cu alloy. A nonmagnetic
Ni–Cr alloy gasket was preindented to 35 μm thick with a hole
of 250 μm in diameter to serve as the sample chamber. For
direct comparison, we chose Daphne 7373 as the same pressure transmitting medium as for the Raman measurements.
For all these measurements, pressure was gauged by the
shift of the R1 fluorescence line of ruby [41].
2
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Figure 2. The observed x-ray diffraction pattern (stars), Le Bail fit
(upper continuous red line), and difference between the observed
and calculated profiles (bottom blue line) obtained after Le Bail
fitting of the nearly optimally doped Tl2Ba2CaCu2O 8 + δ at 2.3 GPa
based on the tetragonal structure with the space group of I4/mmm.
The middle sticks refer to the peak positions. Inset: Schematic of
the crystal structure.

Figure 1. The integrated powder x-ray diffraction data of the nearly
optimally doped Tl2Ba2CaCu2O 8 + δ at various pressures up to 25.6
GPa.

3. Results and discussion
3.1. X-ray diffraction

previously [10, 31, 32, 34, 35]. However, it is unclear how
pressure would affect the distortion in these compounds. Here
we examine the distortion effects on Tl2212 based on these
two aspects.
Figure 3 presents the pressure dependence of the lattice parameters along the a and c axes, unit-cell volume,
and the corresponding axial ratio of c/a, respectively.
Both the lattice parameters and volume no obvious deviate
from the expected equation of state with applied pressure within experimental errors. The compressibility of
a and c-axes are ka = −dln(a )/dP = 0.002 67 GPa−1,
k c = −dln(c )/dP = 0.003 56 GPa−1, respectively, which is
well characterized by the Murnaghan equation of state [44,
45]. The similar anisotropic compressibility has also been
observed in Tl2212 and Tl2Ba2Ca2Cu3O10 + δ [46, 47]. The
k v = 2ka + k c ≡ 1/B0 = 0.0089
volume
compressibility
GPa−1, where B0 is the bulk modulus at ambient pressure.
A bulk modulus of 233 GPa was reported for Tl2212 from
early energy dispersive XRD measurements [46]. This value
is almost twice of ours for Tl2212. However, our obtained
results are comparable to the reported 137 GPa for the trilayer
Tl2Ba2Ca2Cu3O10 + δ [47]. The smaller bulk moduli of 73,
62.5, and 68.56 GPa were also reported for the sister bilayer
Bi-based system [48–50]. In analogy with Y124 and Y123
[27, 28], the measured cell volume of Tl2212 does extend
from the expected equation of state in certain more pressure
range (9 GPa < P < 23 GPa). The axial ratio of c/a shows a
gradual decrease with increasing pressure till 9 GPa and then
exhibits different features with pressure. Our high-quality
structural data indicate the increase of the distortion in Tl2212
above 9 GPa.
Note that temperature is also a factor that could change
the lattice parameters. Previous study [51] involving pairdistribution function analysis of pulsed neutron-scattering

The XRD patterns for the nearly optimally doped Tl2212 are
shown in figure 1 at various pressures and room temperature.
All diffraction peaks monotonically shift to higher angles with
increasing pressure. There are no new diffraction peaks and no
peak merging and/or splitting. These behaviors indicate that
the structure of Tl2212 was stable under pressure. This result
is different to the pressure-induced phase separation observed
in Y123 superconductor [28], in which new diffraction peaks
appear at pressure around 3.7 GPa and lattice parameters show
abnormal behaviors at pressure range of 3.7 and 10 GPa. Our
diffraction data does not support pressure-induced phase transition or phase separation in Tl2212.
Tl2212 has a tetragonal unit cell with a space group of
I4/mmm determined from the single crystal XRD and neutron
powder diffraction measurements [42, 43]. The unit cell consists of two insulating Tl–O and Ba–O blocking layers and
two structurally equivalent Cu–O plans separated by Ca layer.
Figure 2 illustrates the powder XRD data and a typical Le Bail
fitting of the nearly optimally doped Tl2212 at pressure of 2.3
GPa based on this structure model. The fitting yields reasonable factors of Rp  =  1.4%, Rwp  =  2.8%, and χ 2 = 4.8%. All
patterns were fitted well with I4/mmm up to 25.6 GPa. These
results indicate that Tl2212 remains in the tetragonal structure
at the pressure regime studied.
The evolution of distortion with pressure was usually
studied by combining XRD and Raman measurements [27,
28]. The change in distortion with pressure can judged by two
basic facts: (i) Pressure-induced lattice anomalies (the lattice
parameters and cell volume exhibit obvious deviations from
the expected equation of state); (ii) The unconventional variation of both the phonon frequencies and widths of some modes
with increasing pressure. The existence of the distortion in the
thallium-based cuprates at ambient pressure has been reported
3
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Figure 3. The lattice parameters of the a and c axes (a)
and the unit-cell volume (b) of the nearly optimally doped
Tl2Ba2CaCu2O 8 + δ as a function of pressure up to 25.6 GPa. The
solid points are the measured data and the curve is the fitting of the
Murnaghan equation of state. Inset: the pressure dependence of the
axial ratio of c/a.

Figure 4. Raman spectra of the nearly optimally doped
Tl2Ba2CaCu2O 8 + δ in the frequency range of 100–800 cm−1 at
various pressures up to 28.4 GPa. The arrows indicate the A1g
modes of the Tl, O1, O2, and O3 atoms. The gray lines are the
guide to eyes.

data in Tl2212 found the O atoms in the Cu–O plane deviate
from the average crystallographic structure positions across
the superconducting transition. Rietveld analysis of the diffractograms [51] showed no noticeable changes in structural
parameters with temperature. This indicates that this local
structure change is presumed to have only short-range correlation. The similar short-range ordering of the displacive atomic
was observed in Tl2212 by using the same process [52]. It was
shown that Tl and O ions in the Tl–O planes deviate from
their ideal high-symmetry positions, creating two possible
configurations. However, the ordering remains on the short
range and does not alter the average symmetry. The lowtemperature refinements from neutron-powder-diffraction data
for Tl2Ba2Ca2Cu3O10 + δ indicated that the symmetry remains
tetragonal down to 13 K, indicating no structural change or
discontinuity in the cell parameters though Tc near 125 K [43].
These experimental results indicated no structural phase transition accross Tc for Tl2212. Therefore, the structural information obtained at room temperature should shed important
insight on the behavior in the superconducting state in Tl2212.

present study, we have measured the Raman spectra within
the region from 100–800 cm−1 as a function of pressure up
to 28.4 GPa at room temperature (figure 4). The number
of well-resolved modes in the polarized ZZ Raman spectra
was six for Tl2212. These modes belong to A1g vibrations as
reported in literature [53–59]. The oscillations of Cu and Ba
were not studied, due to their small Raman scatting effectiveness [57–59]. The mode at 132 cm−1 can be ascribed to the
vibration of Tl. The 409, 497, and 602 cm−1 modes are due to
the in-phase angle bending vibrations of oxygen (O1) in the
Cu–O planes, oxygen (O2) located in Ba–O planes, and of the
oxygen (O3) in the Tl–O planes, respectively. The assignment
of these vibrational modes for the studied Tl2212 is shown in
the inset of figure 5(b). There is no indication of peak splitting
or merging at high pressures. It should be noted that the bands
of vibrational modes O2 and O3 abruptly broaden at pressures
above 22 GPa. The vibrational mode of O1 can not be determined due to the weak intensity.
The detailed information for the evolution of frequency
shifts and full width at half maximum (FWHM)s of these
vibrational modes with pressure is summarized in figure 5.
The frequencies of these Raman modes exhibit homogeneous
movement before 8.3 GPa, after which the increase of the
frequencies exhibit obvious deviations from linear fits. The
frequency shifts of the O2 and O3 modes are more sensitive
to the applied pressure than that of the Tl mode. The obtained

3.2. Raman scattering

Raman scattering is another powerful experimental method
for detecting phase separation/transition and lattice distortions. It can be demonstrated from pressure-induced shift in
frequency, mode linewidth, peak emerging or splitting. In the
4
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Figure 6. Magnetic susceptibility signal for the nearly optimally
doped Tl2Ba2CaCu2O 8 + δ single crystal measured at various
pressures up to 28.1 GPa. Inset: The sample and ruby in Daphne
7373 environment in the gasket hole at pressure of 3.1 GPa. W and
C stand for warning and cooling processes, respectively.

Figure 5. Pressure-induced Raman frequency shifts (a) and
FWHMs (b) of several selected vibrational modes for the nearly
optimally doped Tl2Ba2CaCu2O 8 + δ single crystal from ambient
pressure to 28.4 GPa at room temperature. The lines are the linear
fitting results and the dashed lines are extended guiding. Inset: The
assignment of the vibrational modes of Tl, O2, and O3 atoms.

3.3. Superconducting transition

Next we present the results from a systematic high-pressure
study on Tc for Tl2212. Figure 6 shows the representative temperature scans at different applied pressures. A photograph
taken through the diamond windows of a single crystal at 3.1
GPa is shown in the inset. The crystal, together with a small
ruby ball, was put in a Daphne 7373 environment in the gasket
hole. Large sample was helpful for getting strong amplitude
signal. As the pressure transmitting media, Daphne 7373 offers
protection for the sample to maintain the bulk feature during
measurements at high pressures. For each pressure run, the
signal was measured during both cooling and warming cycles
at low temperature below 140 K. The pressure was applied
and measured at low temperature. Superconducting transition is identified as the temperature where the signal begins
to develop on the high-temperature side. The superconducting
transition of 109 K was obtained at ambient pressure. It is clear
that at the pressure of 6.8 GPa the superconducting transition
shifts to higher temperature (114 K), but it returns beyond that
pressure. The similar weakening of the amplitude and broadening of the width of the signal upon heavy compression have
also been observed in other cuprate superconductors [64, 65].
Figure 7 summarizes the evolution of Tc of the nearly optimally doped Tl2212 with pressure. Tc is initially increased
with applied pressure and reaches a maximum of 114 K
around 6.8 GPa, then decreases at higher pressures. The
critical pressure for the occurrence of the maximum Tc and
parabolic-like behavior are similar to those in the sister

behaviors are consistent with other Raman measurements
[59], the nonlinear pressure dependence of A1g modes was
reported with applied pressure exceeding 12 GPa. Although
the FWHM of the heavy Tl mode still increases systematically
with increasing pressure, the two O2 and O3 modes are broadened abruptly above 22 GPa. The deviation of the three vibrational modes from the expected monotonic evolution with
pressure indicate the pressure-induced distortion. The sudden
change in peak widths of two O2 and O3 modes provides evidence for the enhancement of the distortion of Tl2212 upon
heavy compression. This behavior is similar to the observations in other cuprates [60, 61] in which the enhanced distortion occurs at much lower pressures compared to the present
compound. Previous studies [62, 63] show there were no
anomalies behavior both the frequencies and the linewidths
of the A1g phonon modes from the room temperature to 10
K, further proving its structure shows no obvious temperature
dependence as report by pair-distribution function analysis of
pulsed neutron-scattering data in Tl2212 [51]. The observed
inconsistency for distortion with pressure from XRD and
Raman measurements on the samples cleaved from the same
crystal of Tl2212 maybe originates from difference of the
used pressure transmitting media. Our data does not support
the existence of phase transition or phase separation in Tl2212
in the pressure range studied.
5
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with pressure of Tl2212 at nearly hydrostatic conditions near
30 GPa by using the samples cleaved from the same single
crystal. The nearly optimally doped Tl2212 was found to still
hold 89% of its ambient value of Tc when reducing 15% of the
unit-cell volume near 30 GPa. The experimental data based on
the same high-quality single crystal but at much higher pressures than before makes the effects of pressure-induced distortion and/or phase separation/transition and pressure effect
on superconductivity, and provides an opportunity for the test
of any realistic theoretical models over substantial Tc change.
3.4. Intrinsic pressure variables

The obtained parabolic-like Tc versus P behavior for the nearly
optimally doped Tl2212 with 5 K enhancement of Tc at a critical pressure about 7 GPa is generic for almost all optimally
doped cuprates. This behavior can be explained by many twocomponent models including charge carrier concentration
and another intrinsic variable. For the generally used chargetransfer model, the maximum of Tc is considered as the other
intrinsic variable besides carrier concentration. This simple
model worked very well for many cuprates with different
dopants [72, 73]. The developed models based on BCS-like
gap equations also can be used to reproduce the Tc variation
with pressure for many compounds [74, 75]. The later developments for identifying the pairing interaction strength as the
second intrinsic variable has led to many interesting explanations for the Tc evolution with pressure and its pressure derivatives for compounds with different dopants [64, 76, 77], the
uniaxial pressure effect on Tc [78], the rare-earth ionic size
effect on Tc [77, 79], and even the strain effect on Tc [80]. This
variable has been confirmed by high-pressure NMR measurements [81].
Currently, lattice vibrations and excitations of electronic
origin such as spin or electric polarizability fluctuations are
believed to be the two most potential candidates of Cooper
pairing in the cuprate superconductors. Both were found
to have important contributions to the pairing interaction
strengths [82, 83]. These indicated that the consideration of
pairing interaction strength and carrier concentration maybe
sufficient for explaining the observed Tc behavior in cuprates
at high pressures even within the framework of phonon-mediated pairing [84, 85]. The similar two components from the
dynamic inhomogeneity-induced pairing model [86] have
also been used to explain the experiments [24]. This model
includes the pairing scale and the phase ordering scale. The
former characterizes pair formation and is proportional to the
energy gap. The latter controls the stiffness of the system to
phase fluctuations and is determined by the superfluid density.
In fact, the superfluid density is approximately proportional
to the carrier concentration before the optimal level and the
pairing interaction strength should be scaled by the energy
gap. Therefore, both the carrier concentration and the pairing
interaction strength are two well determined intrinsic pressure
variables for cuprate superconductors.
The charge-transfer picture in Tl2212 has been well established experimentally [35]. The pressure-induced reduction
of the Hall coefficient has been observed for many cuprates

Figure 7. Pressure dependence of Tc for the nearly optimally
doped Tl2Ba2CaCu2O 8 + δ single crystal. The red (blue) solid
circles represent the measurements in the warming (cooling) cycle,
respectively. Red square represents Tc at ambient pressure.

optimally doped Bi2Sr2CaCu2O 8 + δ by using the same measurement technique [64]. Although the amplitude of the single
crystal becomes weak with the applied pressure, we still can
distinguish the sample signal from the background at pressures up to 28 GPa. The similar parabolic-like behavior with
a maximum Tc around 2.5 GPa (2.0 GPa) has been observed
from early experiments by using magnetic susceptibility [66]
(resistance [67]) technique. There is only modest increase of
Tc from the initial value to the maximum for both the experiments with the highest pressure less than 4 and 8 GPa, respectively. In the early other measurements [68, 69], the increased
Tc was observed to continue up to the attainable maximum
pressure of 6.0 GPa. There is clearly a growing appreciation
of the need for Tc measurements at higher pressures in order
to establish the Tc evolution path. However, the measurements
were stopped to 8 GPa for the studied Tl2212 since its discovery [66–71]. The initial pressure derivative of Tc (dTc /dP)
is about 0.75 K GPa−1 from our measurements. This value
is smaller compared to the early measurements at relatively
low pressures [66–68, 70, 71]. The difference might be due
to the samples with different dopants, sample qualities, and
pressure media, or temperatures at which pressure levels were
determined [68].
Amongst all the early measurements [66–71], only
Moulton et al [68] used single crystals and determined pressures at temperatures of about 100 K, those are similar to ours.
The others were based on polycrystalline samples [66, 67, 69–
71]. For those studies, the Tc measurements were limited to 8
GPa. Therefore, it is hard to understand the distortion effect
on Tc based on the data obtained at such low pressures with the
comparison of the obtained structural and vibrational properties at higher pressures but from different samples [46, 58, 59].
There has been no report or effort of combined measurements
on the studied Tl2212 so far. Combining the XRD and Raman
spectra, we established the first almost consistent evolution
path of the structural and vibrational properties as well as Tc
6
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including the studied Tl2212 [69, 87], indicating the increase
of the carrier concentration in the CuO2 plane. The chargetransfer process can also be monitored by investigating the
vibrational frequency of the apical oxygen [88]. We found that
the vibration frequency of the apical oxygen (O2) in Tl2212
gets hardening with increasing pressure (see figure 5(a) and
also others [58, 59]). The hardening provides the charge
transfer from the charge reservoir to the CuO2 plane, in good
agreement with the Hall coefficient measurements [69]. The
observations of the increase of both the Tc and carrier concentration for an overdoped Tl2212 under pressure [69] serve
direct evidence for the existence of the other intrinsic pressure
variable. Otherwise, Tc would fall down on the overdoped side
due to the increased carrier concentration with pressure if its
behavior were solely controlled by the carrier concentration.
Recent experimental efforts shed new light on the nature
of the pairing interactions [89, 90]. The typical scale of 2.6 eV
was attributed to a fingerprint of ‘Mottness’ in the superconducting state. This energy scale, set by the superexchange
interaction, was found to control all Tc’s of cuprate superconductors [89]. If the superexchange interaction indeed provides
the driving force for superconductivity in cuprates, one can
readily learn the pressure effect on the pairing interaction.
For almost all cuprate families, the superexchange interaction
was clearly found to increase with increasing pressure from
Raman scattering measurements [91–93]. The pairing interaction strength as another intrinsic variable is again supported
from these experiments.
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