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Pressure is a unique tuning parameter for probing the properties of materials, and it has been particularly
useful for studies of electronic materials such as high-temperature cuprate superconductors. Here we report the
effects of quasihydrostatic compression produced by a neon pressure medium on the structures of bismuth-based
high-T,. cuprate superconductors with the nominal composition Bi,Sr,Ca,_;Cu, 05,1415 (n =1,2,3) up to
155 GPa. The structures of all three compositions obtained by synchrotron x-ray diffraction can be described
as pseudotetragonal over the entire pressure range studied. We show that previously reported pressure-induced
distortions and structural changes arise from the large strains that can be induced in these layered materials by
nonhydrostatic stresses. The pressure-volume equations of state (EOS) measured under these quasihydrostatic
conditions cannot be fit to single phenomenological formulation over the pressure ranges studied, starting below
20 GPa. This intrinsic anomalous compression as well as the sensitivity of Bi,Sr,Ca,,_;Cu, 05,445 to deviatoric
stresses provide explanations for the numerous inconsistencies in reported EOS parameters for these materials.
We conclude that the anomalous compressional behavior of all three compositions is a manifestation of the
changes in electronic properties that are also responsible for the remarkable nonmonotonic dependence of
T. with pressure, including the increase in 7, at the highest pressures studied so far for each. Transport and
spectroscopic measurements up to megabar pressures are needed to fully characterize these cuprates and explore
higher possible critical temperatures in these materials.
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I. INTRODUCTION

The nature of unconventional superconductivity in the
cuprates is a subject of continued study [1,2]. Decades of
evidence support the hypothesis that superconductivity in
these compounds is a quasi-two-dimensional phenomenon
that emerges from the layers of parallel CuO, planes common
to these materials [3—6]. The critical temperature (7;) in the
materials can therefore be modified by altering the electronic
structure of the CuO, planes. Though these changes in T,
are typically conducted by variable oxygen doping [7], the
application of pressure can also tune 7, in the cuprates in
an analogous manner [8—13]. The tendency for the T.-P re-
lation to follow a roughly parabolic trajectory that parallels
the doping dependence of 7 is reported in nearly all known
superconducting cuprates (see reviews [14—16] and references
therein). Understanding the nature of unconventional super-
conductivity, along with the potential to carefully engineer
strain conditions to further enhance 7, [17,18], necessitates
high-pressure structural and equation of state (EOS) studies
of these materials.

The effect of pressure on the bismuth-based cuprate super-
conductors [Bi;Sr,Ca,,_1Cu,, 05,1445 (n = 1-3) (BSCCO)] is
particularly intriguing. In all three compounds, 7. is ob-
served first to increase, then decrease on further compression
[19-22]. The behavior of T, upon continued pressurization
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is dependent on both compression environment and oxygen
doping; in some experiments, 7. as measured using high-
pressure resistance and ac susceptibility techniques continues
to decrease, and superconductivity is eventually destroyed
[21], while in other experiments as pressure is increased T
breaks away from the domelike trend and increases to the
maximum pressures reported for each compound. Chen et al.
[19] discovered this “up-down-up” trajectory with pressure in
Bi,Sr,Ca;CusOgp4s (Bi-2223) with the second increase be-
ginning at 25 GPa. Deng et al. [20] later found this behavior in
BiZSrZCuO6+,; (B1-2201) and in BigSl’zCaCUQOngg (B1-2212),
where the second rise in 7. begins at 45 and 40 GPa, re-
spectively. Similarly, nonmonotonic 7, pressure dependencies
have not been reported to date in any other cuprate supercon-
ductors. All compounds are reported to maintain a layered
perovskite structure (Fig. 1) to at least 50 GPa [23-25], so
these changes in 7, can be directly correlated with compres-
sion of the prototype structure of each. In contrast, other
cuprate superconductors undergo pressure-induced structural
transitions [26-29] including hysteresis effects [30,31] which
can influence or destroy superconductivity.

High-pressure structural data have been reported for Bi-
2212 [21,32-34], but the results are conflicting. Olsen et al.
[32] studied compression of a mixed-phase sample of Bi-
2212 and Bi-2223 to 50 GPa using energy-dispersive x-ray
diffraction (XRD). The group observed a stiffening of the

©2023 American Physical Society
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FIG. 1. Unit cells of Bi-2201, Bi-2212, and Bi-2223 presented
in a tetragonal (/4/mmm) representation. Structural parameters for

Bi-2201 from Matheis et al. [101] and for Bi-2212 and Bi-2223 from
Wesche et al. [102].
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¢ parameter near 20 GPa, followed by a drastic decrease
in ¢ between 35 and 40 GPa. Deng et al. [20] noted that
this decrease occurs near the pressure of the rise in 7; in
Bi-2212, and they suggested that this structural change arises
from a pressure-induced Lifshitz transition. Zhang et al. [34]
reported significantly different pressure-induced distortions
in Bi-2212 on compression, specifically proposing a transi-
tion from the orthorhombic (pseudotetragonal) structure to a
“collapsed orthorhombic” structure near 20 GPa. Zhang et al.
[34] observed a pressure-induced stiffening in ¢ near 20 GPa,
but did not reach the pressures where the collapse in ¢ had
been reported [32]. In addition to these structural discrep-
ancies, considerable differences in EOS parameters for the
n =1, 2,3 varieties of BSCCO have been reported [32,34—
40]. For example, EOS parameters obtained from fitting x-ray
diffraction data for Bi-2212 result in a bulk modulus (Kp)
of 60-130 GPa [21,32-34], whereas direct ambient pressure
ultrasonic measurements typically give much lower K; values
of 1540 GPa [38,39,41].

Here we report a detailed structural and EOS study of
Bi,Sr,Ca,,_Cu,,00,444+s5 (n = 1,2, 3) compounds (Bi-2201,

Bi-2212, and Bi-2223, respectively) under quasihydrostatic
compression up to megabar pressures. Quasihydrostatic con-
ditions were achieved by pressurizing samples with a neon
medium [42], which remains significantly more hydro-
static under pressure than the media used in the past for
BSCCO [43]. This approach allows us to measure the com-
pressive properties of BSCCO under considerably more
hydrostatic stresses and extend the pressure range of re-
ported P-V data. Experiments were also performed using no
pressure-transmitting medium in order to compare with our
quasihydrostatic and previous nonhydrostatic results. The data
reveal all three BSCCO compounds to be highly susceptible
to deviatoric stress. We now attribute many of the previously
reported pressure-induced structural distortions to artifacts in-
duced by nonhydrostatic stress conditions. Additionally, even
when compressed quasihydrostatically, all three materials ex-
hibit anomalous compression with P-V relations not well
described by a single standard EOS formulation.

II. METHODS

Samples were loaded in symmetric diamond anvil cells
(DACs) with diamond culet sizes ranging from 300 to 600 pm.
The single-crystal Bi-2201 and Bi-2212 samples were op-
timally doped and synthesized at the Houston Center for
Superconductivity. Sintered pellets of Bi-2212 + Bi-2223
were purchased from Quantum Levitation. Composition and
ambient pressure unit-cell volumes (V) were determined us-
ing ambient pressure XRD utilizing a Bruker D8 Advance
diffractometer with a Cu source. The volume ratio of the
Bi-2223/Bi-2212 samples was estimated to be 80%/20%.
All samples were ground into a fine powder using an agate
mortar and pestle. Tungsten and rhenium gaskets were prein-
dented to 20 GPa, and holes of 50-150 um in diameter were
laser-drilled to form the sample chambers [44]. Samples were
loaded in DACs along with neon as a pressure-transmitting
medium (for our quasihydrostatic runs) at GSECARS, Sector
13, APS, ANL [42]. Neon was chosen for these experiments
because, even after pressure-induced freezing at 4.8 GPa at
room temperature [45], the material remains a weak solid to
megabar pressures [46] and is considerably more hydrostatic
than the pressure-transmitting media used in past BSCCO
x-ray diffraction studies [21,32-34,43]. X-ray diffraction was
measured at the 16-IDB and 16-BMD beamlines at HPCAT,
Sector 16, APS, ANL [47]. Pressures were determined from
lattice parameters obtained by XRD of gold flakes placed
within the sample chamber using the EOS of Anderson et al.
[48]. The pressures were consistent with those determined
by ruby fluorescence measurements using the Xu et al. [49]
calibration. The sample detector distance was calibrated with
a CeO, standard, and the x-ray diffraction patterns were inte-
grated using the DIOPTAS software package [50].

The zero-pressure bulk modulus (Kj) and its pressure
derivative (K = %) were determined by fitting the P-V data
to standard phenomenological EOS functions. The Vinet EOS
[51] is written

3
2n>eXp[§(Ké—1)(1—n)], )

P=3Ko<
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where n = (V/VO)% is the strain, and it was found to be the
most useful for analyses of the compression mechanisms of
these materials. The EOS can be linearized in terms of n, and
H(n) = Pn?/3(1 — n), and it is written as

In (H(n)) = In (Ko) + 3 (K5 — 1)(1 = n). @

Deviations from linearity in the plot of In(H(n)) versus
1 —n can be used to assess pressure-induced changes in
the compression properties of the material, as we show
below.

II1. RESULTS

Representative diffraction patterns for Bi-2201 and Bi-
2212 + Bi-2223 are presented in Fig. 2 (for additional data,
see Fig. S1 in the supplemental material [52]). BSCCO
compounds are reported to maintain orthorhombic symmetry
similar to the ambient pressure Ammm structure [23,24] over
the pressure ranges studied to date [21,32-34]. At ambient
pressures, the structures can be described as pseudotetragonal
(space group I4/mmm) with a — b < 0.1 A [32,33]. This rep-
resentation appears to be valid at high pressure, and is adopted
in the Le Bail refinements performed in this work using JANA
2006 [53] to determine lattice parameters. Patterns were fit to
a unit cell with a ~ 3.8 A and a compound-dependent ¢ axis
length. To directly compare with past results, in which the ab
plane of the primitive unit cell was rotated 45° in order to
place the cell boundary along the Cu-Cu bond resulting in
an ambient pressure a ~ 5.4 A, the a parameters from our
refinements were multiplied by +/2. Though BSCCO com-
pounds are known to exhibit both commensurate [54,55] and
incommensurate [55-57] modulations along the b and c axes,
diffraction peaks arising from these modulations are weak and
were not observed, as in previous high-pressure experiments
[58]. For the three materials, all prominent diffraction peaks
in the collected diffraction patterns were indexed to stan-
dard Bragg reflections. We now discuss the results for each
composition.

A. Bi-2201

The diffraction data for Bi-2201 can be described with
ambient pressure pseudotetragonal unit-cell parameters a =
5.31(1) Aandc = 24.6(1) Ain good agreement with previous
reports (see the supplemental material [52], Table S1, and
Refs. [59-61] therein). Given the inhomogeneously broad-
ened linewidths, weak orthorhombic distortions up to 0.05%
cannot be ruled out. Several peaks in the diffraction patterns
[Fig. 2(a)] are attributed to a small amount of Bi,O3, a com-
mon precursor material in BSCCO synthesis [60] still present
in the sample; the pressure dependence of these peaks is
consistent with previously reported data [62,63]. The a and
c lattice parameters of Bi-2201 are found to decrease mono-
tonically with pressure [Fig. 3(a)]; a decreases smoothly with
pressure whereas ¢ decreases but becomes less compressible
between 8 and 10 GPa. This change in compressibility is
clearly evident in the pressure dependence of the c/a ratio
[Fig. 3(b)].

Fitting the entire dataset to a single Vinet EOS with a
fixed Vj determined using ambient pressure x-ray data resulted
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FIG. 2. Representative integrated x-ray diffraction patterns for
BSCCO samples. All patterns were fit to a tetragonal [4/mmm
symmetry unit cell with ambient pressure parameters given in the
text. (a) Diffraction patterns for Bi-2201 taken at 0.9 GPa (black)
and 46 GPa (red) (A = 0.4959 A). Tick marks indicate predicted
Bragg peaks for Bi-2201 at 0.9 GPa. Peaks from unreacted Bi, O3
from synthesis are identified in the pattern. The inset is a reflected
light micrograph of the sample loaded in the DAC at 0.9 GPa
with a 150 um sample chamber diameter surrounded by the Ne
pressure-transmitting medium. (b) Diffraction patterns of mixed-
phase Bi-2212 + Bi-2223 at 2.3 GPa (black, A = 0.406 626 A) and
119 GPa (red, » = 0.4133 A). Both are indexed using tetragonal
14/mmm symmetry. Tick marks indicate predicted Bragg peaks of
Bi-2223 (black) and Bi-2212 (red) at 2.3 GPa. Diffraction from the
pressure-transmitting medium Ne (above freezing pressure) and W
from the gasket are identified. The inset is a reflected light micro-
graph of mixed-phase Bi-2212 and Bi-2223 at 2.3 GPa in the DAC
with a 150 um sample chamber surrounded by the Ne medium.
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FIG. 3. Pressure dependence of the structural parameters of Bi-2201. (a) a (red) and ¢ (blue) parameters of Bi-2201. (b) c/a ratio of
Bi-2212, showing a change in the observed trend between 8 and 10 GPa. Lines inserted as guides to the eye. (c¢) Unit-cell volume with
Vinet EOS fit to the data over three pressure ranges, 0.1 MPa—48 GPa [V, = 714.7 A3, Ky = 32.0(1.3) GPa, Ky’ = 10.7(3)], 0.1 MPa—8 GPa
Vo = 714.7 A%, Ky = 54.6(1.3) GPa, K’ = 0.57(3)], and 8-48 GPa [V, = 696.6(4.0) A, K, = 45.8(3.4) GPa, K,' = 9.6(4)]. For pressure
ranges including zero pressure, the fixed value of V, = 714.7 A% is that determined from ambient pressure x-ray diffraction. All error bars

represent 1o uncertainty.

in unacceptably large residuals, whereas above 10 GPa the
residuals are much smaller. We are able to greatly improve
the fits by splitting the data into two regions, above and below
the point of stiffening in ¢ at 8 GPa [Fig. 3(c)]. In the high-
pressure fit, all three parameters were allowed to vary, while
the low-pressure fits V, were fixed to 714.67 A3, which we
measured at ambient pressure. Fitting parameters from this
work and previously measured values of Kj are presented in
Table I and discussed below.

B. Bi-2212

X-ray diffraction of single-phase Bi-2212 and mixed-phase
Bi-2212 + Bi-2223 was measured up to 61 and 155 GPa,
respectively, over five experimental runs. In the diffraction
patterns of the mixed-phase samples, structural data from the
minority phase Bi-2212 were extracted up to 108 GPa before
low intensities, and broad peaks prevented acceptable refine-

TABLE I. K; and K, values from this work and reported in the
literature for Bi-2201 using x-ray diffraction (XRD) and ultrasonic
methods; uncertainties are included when provided. Our data are
not well described by a single EOS. The K values reported for the
ultrasonic data are systematically lower. Data from Dominec et al.
[35]

K, (GPa) Ky Technique Source
54.6(1.3) 0.57(3) XRD (0.1 MPa-8 GPa) This work
45.8(3.4) 9.6(4) XRD (8-48 GPa) This work
15.3 - Ultrasonic Dominec et al. [35]
18.9 - Ultrasonic Dominec et al. [35]

ments. Similar to Bi-2201, the patterns for all samples can be
described with pseudotetragonal /4/mmm symmetry with a ~
b similar to previous reports (see Table S2 in the supplemental
material [52] and Refs. [23,33,53,58,64-69] therein). Both a
and ¢ decrease monotonically, and ¢ exhibits a stiffening at
18-20 GPa [Figs. 4(a) and 4(b)].

Below 10 GPa our P-V data are in excellent agreement
with previously reported results, including the reported onset
of stiffening in ¢ [32,34]. At higher pressures, however, our
quasihydrostatic data diverge from previous reports. Whereas
Olsen et al. [32] observed a decrease of nearly 7% in the
c/a axial ratio from 38 to 42 GPa, our data indicate that
the axial ratio saturates at pressures above 20 GPa and re-
mains roughly constant to the upper pressure limit of our
measurement. We find no evidence for the reported collapsed
orthorhombic phase under pressure [34]. A pseudotetragonal
unit cell well describes the structure over the pressure range of
our experiments: The pressure dependence of a and b remains
close over the measured range, and no anomalous increase in
a or b is observed. In addition, above 15 GPa our unit-cell
volumes are consistently lower than those reported previously
[21] (Fig. 4).

To test the impact of nonhydrostaticity on the compression
of Bi-2212, we measured x-ray diffraction on samples without
a transmitting medium by directly compressing a sample of
mixed-phase Bi-2212 + Bi-2223 between two diamonds. This
nonhydrostatic compression exhibited several anomalies in
the a and ¢ parameters similar to those observed in previous
experiments. Most notably, we observe a pressure-induced
increase in a similar to that observed by Zhang et al. [34],
and a series of collapses in ¢ similar to those observed by
Olsen et al. [32]. A quantitative comparison between the
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FIG. 4. Pressure dependence of the structural parameters of Bi-2212 measured under quasihydrostatic conditions (this work, green solid
circles) and nonhydrostatic conditions (NHS; this work, open purple squares) and previous results, Olsen et al. [32], Gavarri et al. [33], Zhang
et al. [34], and Zhou et al. [21]. (a) a (triangles), b (inverted triangles), and ¢ (circles) lattice parameters. Lines inserted as guides to the eye.
(b) c¢/a axial ratio, showing a change in compression mechanism at 23 GPa, coinciding with the stiffening of c. (c) Pressure dependence of
the unit-cell volume and Vinet EOS fit to the data over three pressure ranges, 0.1 MPa—108 GPa [V, = §98.0 A3, Ky =53.9(1.6) GPa, Ky =
8.7(2)] 0.1 MPa—23 GPa [V, = 898.0 A3, K, = 67.7(2.3) GPa, Ky’ = 4.9(3)], and 23-108 GPa [V, = 793.9(4.6) A3, K, = 262.8(22.4) GPa,
Ky’ = 2.9(4)]. For pressure ranges containing ambient pressure (0.1 MPa), V, was fixed to 898.0 A3, a value obtained by ambient pressure
XRD. Low-pressure and high-pressure fits produce K, and K’ values in agreement with each other over similar pressure ranges. For all plots,

error bars represent 1o uncertainty.

features apparent in our nonhydrostatic experiment and those
present in previously reported data is not possible because the
degree of nonhydrostaticity depends on unreported details of
the previous experiments.

When fitting all quasihydrostatic data (0.1 MPa—108 GPa)
to a single EOS, we obtain K and Ky’ values in disagreement
with those reported in the literature for data based on anal-
ysis of high-pressure x-ray diffraction data [21,32,34,36,37].
These discrepancies motivated us to fit the data over multiple
different pressure regimes as was done for Bi-2201. A cutoff
of 22 GPa was chosen due to the stiffening in the ¢ parameter
apparent in Bi-2212 beginning at this pressure [Fig. 4(b)]. For
ranges that contain ambient pressure, a fixed Vy = 898.4 A3
was used, as determined from ambient pressure x-ray diffrac-
tion, with Ky and Ky’ allowed to vary. Above 22 GPa, the data
were fit to a Vinet EOS with all parameters allowed to vary.
Splitting P-V data in this way greatly improves the fits over
the entire pressure range, and results in low-pressure K and
Ko’ values that agree with previous compression experiments
[21,32,34,36,37]. As discussed below, the Ky and Ky’ deter-
mined from fitting high-pressure data can differ significantly
from those measured using ultrasonic techniques at ambient
pressure (Table II) [38,39].

C. Bi-2223

XRD from the mixed-phase Bi-2212 4 Bi-2223 sam-
ples provided structural information of Bi-2223 to 155 GPa.
Similar to the other two materials, the XRD patterns are
well described by a pseudotetragonal I4/mmm structure
with ambient pressure lattice parameters [a = 5.396(5) A,

¢ =30.070(5) A] in agreement with previously reported
results (see the supplemental material [52], Table 3, and
Refs. [70-72] therein). Pressure dependencies of the structural
parameters of Bi-2223 are presented in Fig. 5. Like Bi-2201
and Bi-2212, no change in the compression of the a axis was
apparent, and a slight kink in ¢ was observed at 30 GPa, which
is more obvious in the pressure dependence of the c¢/a ratio
[Fig. 5(b)]. As with Bi-2201 and Bi-2212, this feature appears
to be due to a stiffening in the ¢ axis.

TABLE II. K and K values from this work and reported previ-
ously for Bi-2212; uncertainties included when provided. Data from
Olsen et al. [32], Tajima et al. [36], Zhang et al. [34], Yoneda et al.
[37], Solunke et al. [38], Fanggao et al. [39], Munro et al. [40], and
Dominec et al. [35].

K, (GPa) Ky Technique Source
70.5(1.8) 4.93) XRD (0.1 MPa-23 GPa) This work
262.8(22.4) 2.9(4) XRD (23-108 GPa) This work
62(5) 6.0(3) XRD Olsen et al. [32]
73 - XRD Tajima et al. [36]
127(11) 4(fixed) XRD Zhang et al. [34]
61 - XRD (Pb-doped) Yoneda et al. [37]
26.34 - Ultrasonic Solunke et al. [38]
20.18 - Ultrasonic Solunke et al. [38]
26.4 40 Ultrasonic (Pb-doped) Fanggao et al. [39]
154 - Ultrasonic Fanggao et al. [39]
21.9 - Ultrasonic Munro et al. [40]
10.9 - Ultrasonic Dominec et al. [35]
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FIG. 5. Pressure dependence of the structural parameters of Bi-2223. (a) a and ¢ parameters. Lines inserted as guides to the eye. (b) c¢/a
ratio for Bi-2223. (c¢) Unit-cell volume with Vinet EOS fit to the data over three pressure ranges, 0.1 MPa—-155 GPa [V, = 1085.0 Al Ky =
77.7(9) GPa, Ky’ = 6.4(1)], 0.1 MPa-30 GPa [V, = 1085.0 A, K, = 84.9(2) GPa, K,' = 5.6(4)], and 30-155 GPa [V, = 1179(36) A?,
Ko = 35.5(9) GPa, Ky’ = 7.9(5)]. For pressure ranges including ambient pressure (0.1 MPa), V;, was fixed to 1085.0 A3, a value obtained
from ambient pressure x-ray diffraction. All error bars represent 1o uncertainty.

Similar to the other two compounds, the data could not
be fit to a single EOS over the entire pressure range stud-
ied. Attempting to fit the data to a single EOS resulted in
unacceptably large residuals, especially below 30 GPa
[Fig. 5(c)]. Therefore, the data were split into two regimes
at 30 GPa and fit to two separate EOS. Similar to Bi-2201
and Bi-2212, splitting the fits resulted in Vj, Ko, and Ky pa-
rameters with significantly smaller residuals and uncertainties
[Fig. 5(c)]. Fits that constrained the volume at ambient pres-
sure used a fixed V; = 1085.0 A3, which we determined using
ambient pressure XRD. As observed in Bi-2201 and Bi-2212,
the fitting parameters obtained for Bi-2223 disagree with the
ambient pressure values of Ky and Ky  reported previously
(Table III).

TABLE III. K, and Kj’ values from this work and reported in
the literature for Bi-2223; uncertainties are included when provided.
There is a probe-dependent discrepancy in K, and Ky’ values and our
data are not well described by a single EOS (See text). The change
in compression mechanism revealed through the stress-strain relation
demonstrates the need to fit the data to a high- and low-pressure EOS.
Multiple values from the same source indicate different sample runs.
Data from Yoneda et al. [37], Fanggao et al. [39], and Dominec et al.
[35].

K, (GPa) Ky Technique Source
100.9(2.3) 4.1(3) XRD (0.1 MPa-30 GPa) This work
34.3(1.6) 8.1(5) XRD (30-155 GPa) This work

73 - XRD Yoneda et al. [37]
18.9 59 Ultrasonic (Pb doped)  Fanggao et al. [39]
22.9 39.3 Ultrasonic (Pb doped)  Fanggao et al. [39]
26.5 - Ultrasonic Dominec et al. [35]
22.0 - Ultrasonic Dominec et al. [35]
15.5 - Ultrasonic Dominec et al. [35]
22.1 - Ultrasonic Dominec et al. [35]

IV. DISCUSSION

A. Equation-of-state fits

Detailed fitting of the P-V data for all three materials
to a single phenomenological EOS over the entire mea-
sured pressure range produces large residuals, especially at
low pressures. This result is independent of which con-
densed phase EOS function is used (e.g., Vinet versus
Birch-Murnaghan [73]). Only the fits using the Vinet EOS are
presented here. Fitting P-V data in different regimes produces
much improved fits. In the lower-pressure range, EOS fitted
parameters are expected to match those obtained from other
methods, such as the ultrasonic determination of the ambient
pressure bulk modulus for a sample of the same density, suit-
ably corrected from adiabatic to isothermal conditions [74].
If all the data are used, our fitted EOS parameters and those
previously reported based on high-pressure x-ray diffraction
[34,36,37,68] disagree with those using ultrasonic techniques
[35,38-40]. We note that some disagreement in the mea-
sured Ky may be attributed to porosity and lattice defects in
as-grown cuprate superconductors [75,76], which are known
to be particularly prevalent in Bi-2201 [77,78] and Bi-2223
samples [70]. These defects most likely account for the large
spread in measured adiabatic Ky values reported for Bi-2212
(Table II) and Bi-2223 (Table III). Differences in the degree
of strain throughout the samples will result in the measured
K falling between the Voigt [79] and Reuss [80] bounds, but
the bounds are two to three times smaller than the range of K
values previously reported.

In Bi-2201, the low-pressure (below 8 GPa) fit produced
a Ky of 54.6(1.3) GPa, a value significantly larger than those
determined using ultrasonic techniques [35,41], where Ky ~
15-19 GPa (Table I). The fit above 8 GPa results in a K
of 45.8(3.4), which is still significantly larger than ambi-
ent pressure measurements. The discrepancy in these values
further suggests anomalous compression of Bi-2201. The
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low-pressure fit produced a Ky' of 0.57, significantly lower
than most materials which are well described with a phe-
nomenological EOS with 2 < Ky’ < 8 where most materials
exhibit Ky’ ~ 4 [81]. The Bi-2212 P-V data were fit to two
separate compression regions with a pressure cutoff deter-
mined by the stiffening in ¢ near 23 GPa, similar to the process
used for Bi-2201. [Fig. 4(b)]. For the low-pressure fit, we find
Ky ~ 70.5 GPa, which is comparable to values measured pre-
viously using similar diffraction techniques [32,36,37]. The
Ky of Bi-2212 measured using ultrasonic techniques at am-
bient pressures, however, tend to be significantly lower than
those determined via fitting an EOS to P-V data, with ultra-
sonic measurements yielding Ky of 10-27 GPa [35,38—40].
The EOS fit to the low-pressure Bi-2212 data gives a Ky =
4.9(3), comparable to values obtained in previous com-
pression studies over similar pressure ranges [35,38—40]. In
contrast to compression experiments, analyses of ultrasonic
measurements give Ky as high as 40 [39]. We conclude there
is a change in compression mechanism at 23 GPa for Bi-2212
irrespective of the pressure-transmitting medium used, with
all compression data exhibiting some kink in the pressure
dependence of c/a near this pressure.

For the high-pressure fit, Kj drastically increases to
263(22) GPa, with K" decreasing from 4.9(3) to 2.9(4). This
change is associated with a pressure-induced stiffening along
the ¢ axis similar to that reported for other perovskite-based
structures such as CaZrO; [82] and the stiffening in b in
CalrO; [83]. This behavior correlates with the reported de-
crease in % in Bi-2212 [20] [Fig. S4(b) [52]] and is consistent
with pressure-induced charge-transfer models developed to
describe the effect of pressure on 7. in the cuprates [8,84,85].
The correlation between the ¢ axis and the change in 7, of
Bi-2212 is consistent with recent STM measurements [86]
in which the distance of the apical oxygen site to the CuO,
layers (determined by c¢) impacts the superconducting pair-
ing mechanism. No structural changes appear at pressures
of the second T, increase in any of the materials. Pressure-
induced suppression of a competing electronic order [19] and
a Lifshitz transition [20] have been proposed to explain the
phenomenon; more detailed high-pressure studies are needed
to investigate these possibilities.

Similar to the other Bi-based cuprates, fitting all Bi-2223
P-V data to a single Vinet EOS (0-155 GPa) results in poor
fits. Splitting the fit into two pressure regions based on the
kink in the pressure dependence of the c/a ratio at 30 GPa
results in a much better fit with greatly reduced residuals.
The low-pressure fit produces a Ky = 84(2) GPa and a Ky’ =
5.6(3). The K, from the fits are significantly larger than those
reported from ultrasonic measurements, which give Ky values
of 15-40 GPa [35,39,41]. As with Bi-2212, Ky’ is reported to
be significantly larger when measured using ultrasonic probes,
with Fanggao et al. [39] reporting values between 39 and 59
whereas our XRD measurements indicate Ky’ = 5.6(3). Our
high-pressure fit produces a Kj value of 35.5(8) GPa with
Ko = 7.9(5). We attribute the discrepancies between our ob-
served compression trends and the trends observed in the past
primarily to the significant impact of deviatoric stress present
in all samples, and to the intrinsic anomalous compression of
the materials.

(a)
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FIG. 6. Stress-strain relationships for the three compounds
showing changes in compression mechanisms. The pressures cor-
responding to particular strains are indicated for each. (a) Bi-2201.
(b) Bi-2212. (c) Bi-2223. Lines inserted as guides to the eye.

B. Stress-strain relations

Linearized stress-strain analyses were performed for each
compound to further analyze the anomalies observed in the
compression of these materials. Major changes in the trend
of the stress-strain relation are present in all three materi-
als demonstrating pressure-induced stiffening and anomalous
compression mechanisms that are not well described by any
of the common phenomenological EOS. The linearized com-
pression data are presented in Fig. 6.

The stress-strain relationship for Bi-2201 is linear up to
(1 —n) = 0.5, corresponding to 10 GPa, where a discontinu-
ity is apparent. This feature corresponds to the pressure of the
“knee” feature in the pressure dependence of the c/a ratio, fur-
ther reinforcing our use of multiple pressure cutoffs for fitting
an EOS above and below 10 GPa. Above the discontinuity, the
value of In(H(n)) increases linearly along with the slope of the
stress-strain relation [Fig. 6(a)]. The same procedure applied
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FIG. 7. (a) Previously measured pressure dependence of 7, for BSCCO compounds as reported by Chen et al. [19,103] and Deng et al.
[20]. (b) Strain (1 — 1) dependence of previously reported 7, values using the EOS measured in this work to convert pressure to strain. Dashed
line inserted as a guide to the eye indicating strain where a second rise in 7, occurs.

to Bi-2212 [Fig. 6(b)] results in a deviation from linearity at
(1 —n) ~0.4. Between (1 —n) ~ 0.4 and 0.8 (12-42 GPa),
the relation is distinctly nonlinear, indicating a major change
in compression mechanism. Linearity resumes, albeit with
a smaller slope, above (1 — 1) ~ 0.8. The midpoint of this
region of nonlinearity corresponds to ~22 GPa, the pressure
of the “knee” feature apparent in the pressure response of
the c/a ratio. The large nonlinear region indicates a degree
of anomalous compression that is not accounted for in a sin-
gle phenomenological EOS, with Kj changing rapidly with
pressure. Similar to Bi-2201, this result demonstrates that the
compression of Bi-2212 is not well described by a single
Vinet EOS over all pressure ranges. For a comparison between
quasihydrostatic and nonhydrostatic stress-strain relations in
Bi-2212; see Fig. S2 [52]. Finally, the linearized compres-
sion data for Bi-2223 [Fig. 6(c)] reveal a kink at 1 —n =
0.05 corresponding to a pressure of 30 GPa. Similar to the
other two materials, this kink is in agreement with the kink
in the pressure dependence of c¢/a. This indicates a change
in the compression mechanism similar to that observed in
Bi-2201 and Bi-2212, but much less pronounced. Quasihy-
drostatic and nonhydrostatic stress-strain relations for Bi 2223
are presented in the supplemental material [52], Fig. S3. All
stress-strain relations reveal distinct high- and low-pressure
compression regions in the three compounds.

The previously reported pressure dependence of 7, [19,20]
[Fig. 7(a)] is converted into a strain dependence using our
stress-strain relation. The 1 — 1 dependence of T is presented
in Fig. 7(b). The strain dependence demonstrates that the large
decrease in the magnitude of the observed % in Bi-2212
is not apparent when removing the influence of changing
compression mechanisms (i.e., the stiffening in ¢) from the

T. relation. The observation that the flattening of ‘fi—Tl; is not
a7,

apparent when converting the data to 7 = and removing any
influence from stiffening in c corroborates the commonly used
pressure-induced charge-transfer model [8,84,85] in which
the proximity of the CuO, planes to the rocksalt-like charge
reservoir layers is responsible for the initial “up-down” pres-
sure dependence of 7, in these cuprates. Converting the data
to show the strain dependence more clearly suggests that the
second rise in 7; is related to the number of CuO, planes per
unit cell, with more planes associated with a second increase
in 7, at lower strains and at a lower rate with respectto 1 — n.

C. Anomalous compression

Even when fitting an EOS to the P-V data below the
obvious discontinuities in the stress-strain relations, the K
values that emerge from the fits are significantly larger than
those obtained ultrasonically. If these fitting parameters were
representative of the true Ky and Ky', one would expect similar
values to be measured irrespective of the technique used. The
analysis reveals an anomalous compression mechanism even
at low pressures. This discrepancy is exemplified in our P-V
data for all three BSCCO compounds, where fitting the data
at pressures below the discontinuities in the stress-strain re-
lationships results in K values significantly larger than those
measured in ultrasonic experiments [35,38—40]. Reducing the
upper pressure cutoff used in the fits results in the resultant
Ky value decreasing and eventually converging with the ambi-
ent pressure values. In contrast to the behavior of BSCCO,
performing a similar analysis on P-V data in the literature
for the simple materials MgO [87], CaO [88], LiF [89], and
NacCl [89,90] results in similar values of K that are consistent
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FIG. 8. Sensitivity of Vinet EOS fit parameters for BSCCO com-
pared to selected simple compounds. (a) Sensitivity of K| to pressure
cutoff for BSCCO and for MgO, CaO, LiF, and NaCl. Data points
with an X indicate values measured at ambient pressures using ul-
trasonic techniques. For simple compounds, the fit values of K, are
relatively independent of cutoff pressure and agree with the ultra-
sonic zero-pressure values, whereas for BSCCO the fit values of Kj
disagree with those measured at zero pressure when a large cutoff is
used in the fitting process. Reducing the upper pressure cutoff used in
the fit causes the resultant K, to approach the zero-pressure values.
(b) Sensitivity of Ky’ to upper pressure cutoff, demonstrating that
the fit Ky’ for simple materials is cutoff-independent and typically
between 2 and 8 (shaded region), whereas for BSCCO, K’ rapidly
increases up to approximately 150 as the cutoff is decreased. For
all samples, the increase in uncertainties as the cutoff pressure is
lowered is due to fewer data points being used in the fits. Data from
Speziale et al. [87], Richet et al. [88], Dewaele [89], Fanggao et al.
[39], Seetawan [41], Dominec et al. [35], Solunke et al. [38], Munro
et al. [40], and Zha et al. [104].

with the measured ambient pressure values irrespective of the
upper pressure cutoff. The EOS relations of most conventional
materials have values of Ky’ of 2-8 [81,91-93]. The fit Ky’
values of the aforementioned analysis on MgO [87], CaO
[88], LiF [89], and NaCl [89,90] are nearly independent of the
upper pressure cutoff used. All varieties of BSCCO, however,

produce fitted values of Ky that are highly dependent on the
pressure range measured. Reducing the upper pressure cutoff
for the BSCCO P-V data results in significantly larger Ky’ val-
ues for cutoffs below ~5 GPa. The cutoff pressure dependence
on the fit values of Ky and Ky’ for BSCCO and selected simple
materials are contrasted in Fig. 8.

V. CONCLUSIONS

We report structural and equation-of-state measurements
for Bi,Sr,Ca,_1Cu, 05,4445 (n = 1,2, 3) under quasihydro-
static compression well beyond the pressure range of previous
work. These results clarify and resolve discrepancies reported
in the literature, and they provide information on the structural
influence on the electronic structure and critical temperature
of these materials. This work indicates that all three BSCCO
compounds are highly susceptible to deviatoric stress, and
that a structural modification does not coincide with the rise
in T, present in all three compounds under quasihydrostatic
compression. It remains to be seen if other cuprates are as
susceptible to deviatoric stress as the Bi-based compounds.
Available data suggest that the presence of large deviatoric
stresses in high-pressure experiments can suppress the maxi-
mum value of T, [67,94—-100]. Additionally, we conclude that
the discrepancies in the reported Ky and Ky’ for all three mate-
rials arise from unusual compression mechanisms beginning
at very low pressures (< 10 GPa) that are not well described by
conventional equations of state. We propose that the anoma-
lous high-pressure behavior present in all BSCCO compounds
is a manifestation of the changes in electronic properties that
also give rise to the remarkable nonmonotonic dependence of
T, with pressure. These results cast high-pressure studies of
BSCCO compounds, and of cuprate high-temperature super-
conductors in general, in a new light. The extent to which this
anomalous compression and its relationship changes in 7; in
other cuprate high-temperature superconductors remains to be
explored.
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