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ABSTRACT ARTICLE HISTORY
Since the discovery of high temperature superconductivity in Received 11 January 2022
Las_xBayCusOs3—y) at an unprecedented T, of 35K over 35 years Accepted 25 March 2022
ago, high pressure experiments have played a critical role in
bdeveloping cuprate superconductivity. Soon after its discovery, Hi

. . igh temperature
compressmn.experlments on Las_xBaXCuso_s(g_y) revealed a large superconductivity; cuprates;
d7./dP, motivating the study of ‘chemical pressure’ in the high pressure; diamond anvil
material that led to the 90K Superconductor YBa,Cus3Oy_,. cell
Cuprate superconductors discovered subsequently exhibited a
range of T, from 30K to 140K, including the commonly studied
Bi, Tl, and Hg based families. Pressure has large effects on
superconductivity in these materials, including raising T, in the
Hg based cuprates from 140K to 166 K at 30 GPa. Reviewing past
experiments indicate that pressure dopes holes into the CuO,
planes common to all cuprates. Further detailed high pressure
studies of these materials should deepen our understanding of
cuprate superconductivity and the possibility of reaching still
higher T, in cuprates.
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1. Introduction

Experiments over the past several decades have established that pressures now achiev-
able in the laboratory can induce dramatic effects on the superconducting properties
of materials. Particularly notable has been the use of pressure in studies of high tempera-
ture superconductivity (HTS) of the cuprate superconductors. In 1986 Bednorz and Miiller
[1] reported a superconducting critical temperature (T.) of 30 Kin La,_,Ba,CuO,_, (LBCO).
In their 1988 review of the discovery of HTS in LBCO [2], the authors discuss how the work
was in part motivated by predictions of superconductivity in materials under pressure
[3,4]. Less than a year after the discovery of HTS in LBCO, Chu et al. [5] found a steep
and unprecedented pressure-induced increase of T, in the material. This group hypoth-
esized that substituting the La in LBCO with the smaller Y would induce a chemical
pressure in the lattice that would enhance T, leading to their discovery of
YBa,Cusz07_, (YBCO), the first superconductor with a critical temperature above the
boiling point of liquid nitrogen (ambient pressure T, ~ 93 K) [6].
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Within the next few years multiple cuprate families were discovered, having a range of
ambient pressure critical temperatures from 33 K in Bi;Sr,CuQOg 5 (BSCCO) [7,8] to above
130K in HgBa,Ca,Cu30g.5 (HgBCCO) [9]. Meanwhile, high pressure studies, most con-
ducted with diamond anvil cells (DACs), revealed intriguing T, pressure dependencies
in these materials Figure 1, e.g. LBCO [5,10] YBCO [11-13], BSCCO [14-16] and HgBCCO
[17-20]. For some oxygen doping levels, increasing pressure leads to T, values that are
significantly higher than those obtained at ambient pressure. This pressure enhancement
is best exemplified in optimally doped HgBa,Ca,Cu30g. 5 where samples typically exhibit
an ambient pressure optimally doped T, around 130 K which rises to 166 K at 30 GPa, the
highest critical temperature reported to date for a cuprate [19] Figure 1. This article
reviews experimental high pressure studies of HTS in cuprates over the past 35 years.
Building on early reviews by Wijngaarden et al. [21,22], we begin with an overview of
the ambient pressure phenomenology of the cuprates followed by a discussion of how
this frames an understanding of T, under pressure. The paper then reviews key properties
of different cuprate families, in rough chronological order of their discovery. The use of
high oxygen partial pressures for sample growth, the synthesis of novel cuprates that
have only been reported under pressure, and electron-doped cuprate superconductors
under pressure are then discussed. We conclude with summary remarks and prospects
for future research on this interesting class of materials.

2. Phenomenology of the cuprate superconductors

At ambient pressure, T, in the cuprate superconductors is most commonly varied by alter-
ing the oxygen doping. Unlike elemental low temperature superconductors, the value of
T in these HTS materials depends on the inclusion of dopants that alter the electronic
structure near the Fermi surface [45]. In addition to the cuprates, the superconducting
properties of the iron-pnictides are affected by doping [46-50]. In temperature-doping
parameter space T is reported to rise and then fall as doping is increased, forming a
dome. Presland et al. [51] proposed a phenomenological T, versus doping relation that
has been used to characterize the cuprates,

T

Tc, max

=1 —82.6(8 — 8op)%, (M

where 8, is the optimal oxygen doping corresponding to the maximum T¢ (8,, ~ 0.16 for
most cuprates), and T max the maximum critical temperature for a particular cuprate
family. Samples are denoted as overdoped or underdoped depending on if § is greater
or smaller than &y, respectively.

Since the discovery of HTS in cuprates, numerous experiments indicated that super-
conductivity in these materials arises from a fundamentally different mechanism than
that of conventional phonon-mediated superconductors. Hanzawa [52] showed that T,
in the underdoped and optimally doped cuprates is largely uncorrelated with changes
in the phonon density of states induced by isotope replacement as would be expected
for phonon-mediated superconductivity [53,54], although small changes in T, can still
be ascribed to phonons [55-57]. The presence of superconductivity despite the existence
of strong magnetic interactions was also highly unusual since, in the conventional super-
conductors, increasing magnetism is found to lead to a suppression — and eventual
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Figure 1. P dependence of superconducting critical temperature (T,) of various hole doped cuprates
discussed in this review. Data are presented for La,_,Ba,CuO4_, (LBCO) [10,23,24], YBa,Cu30;,_, (Y-
123) [25,26], YBayCus0g_y (Y-124) [27-33], TI,BayCaCuy0g4.5 (T1-2212) [34], BiySr,CuOs s (Bi-2201)
[35], Bi,Sr,CaCu;0g.5 (Bi-2212) [14,35-37] Bi,Sr,Ca;Cusz0q045 (Bi-2223) [14], HgBa,CuO4ys (Hg-
1201) [38], HgBa,CaCu;06s (Hg-1212) [38], HgBa,Ca,Cu30ss (Hg-1223) [18-20,39-43], Pb doped
Hg-1223 [44], and mixed phase Hg-1223 + Hg-1234 [43]. Changing the oxygen doping leads to
different values and pressure dependencies of T.. Unless specified, samples were optimally doped.
Different curves for the same cuprate correspond to different ambient pressure doping levels and
different pressure transmitting media used in the experiments (see text).
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destruction - of superconductivity [58,59]. It was also noted that upon entering the super-
conducting state the entire cuprate sample was found to superconduct irrespective of
doping level and/or dopant induced magnetic effects [60-62].

Cuprate superconductors studied to date can exhibit one of up to four electronic
phases as a function of doping: the antiferromagnetic Mott insulating phase, the
‘strange metal’ phase, a Fermi liquid phase, and superconductivity [62-64]. The stability
regions of these phases are shown schematically in Figure 2. In addition to these four
phases, a phenomenon known as the pseudogap is observed in underdoped cuprates
for T, < T < T*, where T* is the onset temperature of the pseudogap [65,66]. The pseudo-
gap has been identified as a partial suppression of the electron density of states that
appears to continuously evolve into the full superconducting gap as the temperature is
lowered (For a review see Norman and Pepin [67]).

Upon entering the superconducting state, HTS cuprates exhibit changes in bulk prop-
erties that parallel those found for conventional superconductors ( i.e. optical [71], elec-
tronic [72,73], and thermal [62,74] properties). On the other hand, the measured electronic
contribution to the specific heat in cuprates is significantly lower than what phonon-
mediated theories require to predict such high T.'s. Batlogg et al. [75] pointed out that
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Figure 2. Generalized temperature-doping phase diagram of the electronic phases present in cup-
rates. The antiferromagnetic, pseudogap, superconducting, strange metal and Fermi liquid phase
boundaries are plotted as a function of temperature and doping. Temperature scales of phase bound-
aries are adapted from Hashimoto et al. [68] and Chatterjee et al. [65]. T, is the Néel temperature, T*
indicates the PG onset temperature, T is the superconducting critical temperature, and T, indicates
the strange metal — Fermi liquid crossover temperature as determined via ARPES measurements [65].
CDW and SDW indicate regions of the phase diagram where charge density wave and spin density
waves exist [69,70]. For the vast majority of cuprates, T, is maximized at an optimal oxygen doping
of ny ~ 0.16. A note on nomenclature; in this review ny will refer to the hole doping, instead of
the more common abbreviation p, so as to avoid confusion with pressure.
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the relatively small values of the electronic specific heat coefficient (y) [75-77] and high T,
measured in cuprates indicate that their HTS is incompatible with conventional phonon-
mediated theories (See Kittel [78] for a general discussion of the relationship between y
and superconductivity).

Early on it was suggested that the superconducting order parameter (A(k)e="#®)
should have d-wave symmetry [79,80]; that is, the order parameter changes sign under
a 90° rotation in momentum space. This behavior contrasts with the conventional
s-wave symmetry of the order parameter found in conventional superconductors. The
d-wave nature of the order parameter was later confirmed by phase-sensitive Josephson
junction [81] and SQUID [82] experiments. Subsequently Ding et al. [83] found that the
magnitude of the superconducting gap (A(k), the magnitude of the order parameter)
can be described by the equation

Ak) = %(cos (ky) — cos (ky)), )
where A, is the maximum gap width and k,, is the electron x and y momenta,
respectively.

At temperatures between T, and some T* above T, cuprate superconductors exhibit a
partial suppression in the electron density of states around the Fermi level, giving rise to
the pseudogap discussed above. The pseudogap was first hinted at by a drastic reduction
of the Knight shift in NMR measurements at temperatures well above T, by several groups
[84-87]. Finally, the pseudogap was later observed in angle-resolved photoemission spec-
troscopy (ARPES) experiments by Ding et al. [88]. The gap width of the pseudogap (A*)
exhibits a momentum dependence proportional to cos (k) — cos (k,), similar to the d-
wave symmetry of the superconducting gap. The pseudogap transition temperature
(T*) extends throughout the underdoped region of temperature-doping space and
appears to terminate at a point tangent to the superconducting dome at a doping
level slightly higher than 8., [65] Figure 2. This point corresponds to a change in Fermi
surface topology that was first observed in BSCCO [89]. With increasing temperature,
the nodal points of the pseudogap just above T. expand into apparent Fermi arcs,
which eventually fill in the pseudogap, forming a complete Fermi surface [90]. Currently
there is no accepted theory that adequately describes the pseudogap or how it might
arise.

For undoped and highly underdoped samples (typically 6 < 0.05), cuprates are antifer-
romagnetic Mott insulators, with Néel temperatures ranging from 300 K to 500 K, depend-
ing on the compound [91-95]. Throughout the underdoped side of the phase diagram,
many (but not all) cuprates appear to exhibit charge and spin density waves (CDW and
SDW) or ‘stripes’ that are spatially incommensurate with the underlying CuO, lattice
[69,96-98]. When stripes coexist with superconductivity they are observed to suppress
Tc [99]. Recent theoretical [100] and experimental [101] reports indicate the existence
of spin-stripe order within cuprate superconductors may be fundamental to the existence
of HTS in cuprates. Above T*, the normal state of the high T, cuprates are often referred to
as strange metals [65,102,103]. Within the strange metal phase the electrical resistivity
scales linearly with temperature [p(T) ~ T] as opposed to the p(T) ~ T? dependence
expected for metals [104]. As doping is increased, cuprates begin to behave more like
Fermi liquids, with heavily overdoped cuprates appearing metallic [102,105]. On the
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other hand, the electronic structures of the overdoped cuprates is much simpler than
those of underdoped materials. As Lee et al. [106] stated ‘Beyond optimal doping (the
overdoped region) sanity gradually returns’. It has been demonstrated that T, decreases
parabolically as doping increases beyond the optimal value. As the doping further
increases, there is a crossover region where the resistivity scaling gradually changes to
that of a Fermi liquid. Highly overdoped (6 > 0.28) cuprates behave like metals with
the resistivity exhibiting a p(T) ~ T2 temperature dependence [102,107].

Early reviews of cuprates such as those by Wijngaarden et al. [21,22] pointed out simi-
larities between the pressure and oxygen doping effects on T, and observation that has
been discussed in many reviews since [108,109]. As either pressure or oxygen doping is
increased, T, is found to first rise and then fall, forming a superconducting dome in
both the temperature versus doping and the temperature versus pressure curves. In
the case of variable doping this relation is parabolic, with a maximum value of T, corre-
sponding to an optimal oxygen doping level &.,. Thus, to first approximation increasing
pressure would appear to increase the doping, causing T, to trace out the phenomeno-
logical T, versus doping dome. Under pressure the T, versus doping relation approaches
a skewed parabola, with 8, shifting to lower values upon compression [41,110]. At
ambient pressure, the non-stoichiometric oxygen doping parameter uniquely determines
the hole concentration within the CuO, planes, which in turn determines T.. Under
pressure the relationship between them is more complex, with pressure also increasing
the hole concentration at a constant chemical composition. To remain consistent with
nomenclature used in the literature, below we use y and & for the oxygen doping par-
ameter for LBCO/LSCO/YBCO and Bi-Th-Hg-bearing cuprates respectively.

Figure 3. Unit cells of the observed structures of La,_,Ba,CuO4_,: From left to right, the low temp-
erature tetragonal (LTT), low temperature orthorhombic (LTO), and high temperature tetragonal (HTT)
phases. The phases are derived from the parent lanthanum copper oxide in which some sites contain-
ing La are filled with Sr or Ba. HTS is primarily attributed to the LTO phase. Structural parameters used
to generate HTT (a =5.323 R, ¢ = 13.21 A) are from Wesche et al. [111]. Structural parameters for LTO
(@=5.335A,b=5415A,c=13.16 A) and LTT (a=3.80 A, c = 13.20 A) from Radaelli et al. [112]. LBCO
and La;_,Sr,CuQ4_y (LSCO) exhibits the same LTO and HTT phases, but the LTT phase has apparently
not been reported for LSCO. Structural drawings in this paper were created using VESTA [113].
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3. Lanthanum Barium Copper Oxide (LBCO)

Bednorz and Miller's [1] 1968 discovery of HTS in La,_,Ba,CuO4_, (LBCO) ushered in a
new era of superconductivity in which pressure has consistently been used as a valuable
experimental parameter. It is now common to describe LBCO using the formula
La,_xBayCuO4_y; in older literature the formula Las_ Ba,CusOsz—_,) was often used.
Crystal structures of the observed phases of LBCO are presented in Figure 3.

Chu et al.’s [5] discovery of the large pressure effect on the critical temperature,
with T, increasing from 30K at ambient pressure to ~40K at 1.7GPa
(dT./dP ~ 9 x 103 K/GPa) [10], contrasted with that observed in conventional super-
conductors for which much smaller (and typically negative) values of dT./dP were
reported. This pressure effect led Cava et al. [114] to synthesize a similar cuprate
with smaller Sr instead of Ba in order to induce a ‘chemical pressure’ that would
increase T.. The resultant material was isostructural to LBCO, with Sr occupying the
Ba sites, and had the formula La,_,Sr,CuO,_, (LSCO) with a T, of 36 K. Likewise, Wu
et al. [6] continued this hypothesis, synthesizing cuprates with the smaller Y
instead of La. The use of Y bearing materials in the synthesis process resulted
in the discovery of YBa,Cu;O;_, (YBCO) with a T, of 93K as discussed in the next
section.

3.1. Structural studies of LBCO/LSCO

LBCO and LSCO have layered perovskite structures, similar to all known high T, cuprates.
These materials consist of alternating layers of CuO; planes separated by charge reservoir
layers that stabilize the structure [115]. In addition to the superconducting, antiferromag-
netic, strange metal, and Fermi liquid phases and the pseudogap, two structural phases
are reported to exist near the superconducting dome, an HTS low temperature orthor-
hombic (LTO) phase and a low temperature tetragonal (LTT) phase are both stable
within the vicinity of the dome [116]. The HTS LTO phase competes with other structural
and electronic phases that exist within a similar region of the phase diagram [70,117]
Figure 2. The existence of these phases is dependent on the barium doping, with the
LTT phase preferentially forming when the barium doping is near x ~ 0.125, and sub-
sequently suppresses T.. It is not clear if superconductivity at x ~ 1/8 is due to the
small fraction of LTO phase still present in the sample, or if the LTT phase becomes super-
conducting at much lower temperatures [23]. Orthorhombicity in the LTO phase appears
to be mainly due to the tilting of the CuO, planes, elongating the unit cell along the b
direction [118]. Superconductivity has been correlated with the reduced symmetry of
the LTO structure [118,119].

Above 200K, a high temperature tetragonal (HTT) phase exists that is structurally
similar to the superconducting phases. It contains two-dimensional CuO, planes, but
only exists as a minority phase at temperatures low enough to induce superconductivity
[111]. The HTT, LTO, and LTT P-T phase boundaries are presented in Figure 4. Irrespective
of the majority phase, at ambient pressures there is typically a significant volume fraction
of the other two present in the material [23,120]. The structurally analogous
Lay_xSrCuO4_, (LSCO) superconductor exhibits the same HTT and LTO phases, but to
our knowledge the LTT phase has not been reported.
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Figure 4. Pressure dependence of the phase boundaries of La,_,Ba,CuQO,4 for x ~ 1/8 as reported by
by Katano et al. [23]. T, data at x ~ 1/8 from Huicker et al. [24].

Moodenbaugh et al. [121] reported a decrease in T, from close to 30K to 5K in
La,_xBayCuO4_, at a barium concentration of x & 1/8 (Laj g75Bag.125Cu04_y). This ‘1/8
anomaly’ was attributed to the formation of the LTT phase suppressing superconductivity
[23,70,122-124]. Billinge et al. [116] showed that T, decreases with increasing volume frac-
tion of the LTT phase within the material. Xiong et al. [125] demonstrated that, even
though LTT does not form in LSCO, a noticeable dip in T, is still found at x ~1/8. The
authors interpret this as evidence that an effect unrelated to the competing structural
phase found in LBCO is responsible for the anomalies in T, around x ~1/8, instead propos-
ing a possible Lifshitz transition that would alter the electronic structure. [126].

Tranquada et al. [98,127] reported neutron scattering evidence that stripe order is
greatly enhanced within the LTT phase. The enhancement of stripes results in greater
charge carrier scattering and enhanced magnetism that greatly suppresses superconduc-
tivity. Experiments reported by Zhou et al. [128] suggested that pressure destroys the LTT
phase, allowing the superconducting LTO phase to dominate. The transition from LTO —
LTT corresponds to the destruction of the antiferromagnetic stripes that are present in
cuprates. Guguchia et al. [129] observed the complete destruction of the LTT phase in
a sample at 1.8 GPa in a sample with doping of x = 1/8. However, suppression of the
LTT phase does not entirely describe the pressure effects on T,; Hiicker et al. [24] reported
that T, will continue to rise with further increase in pressure even after the LTT phase is
completely destroyed. No pressure induced structural phase transitions to new phases
have been observed up to ~15 GPa, the highest pressures reported for studies of LBCO
[24].

3.2. Superconductivity under pressure in LBCO/LSCO

As discussed above, the effect of pressure on T, of superconducting cuprates is often
described as being analogous to the effect of oxygen doping. The critical temperature
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is observed to increase, decrease, and in some cuprate families increase followed by a
decrease (Figure 1). Many of these effects may be understood in terms of the T, -
doping relation proposed by Presland et al. [51] discussed above (Equation 1). In
general, dT./dP is observed to be large and positive for underdoped samples, and
decreases in magnitude as the ambient pressure oxygen doping is increased, commonly
observed through transport [18,130] and magnetization measurements [14,131].
Additionally, Raman [132,133] and NMR measurements [134] are consistent with the
CuO, planes being hole doped with pressure. According to this framework, barring an
electronic or structural phase transition, pressure and doping are altering the same intrin-
sic quantity in cuprates, namely the charge carrier density (ny) within the CuO, planes
[39,44,110,135-138]. This framework is the basis of the phenomenological pressure
induced charge transfer (PICT) model [135,136,139,140], in which the pressure effect on

T, is written,
dT, ony [ 0T, aT,
—<=—2(=2) +(=£) - 3)
dpP oP \onuy/, oP ny

where the first term is that of pressure-induced doping and the second describes the
intrinsic (non-doping related) pressure effect on the structure [141]. While it is generally
agreed that ny increases with pressure and therefore alters T, accordingly, it is not
believed to be the only contribution to the pressure dependence of T, [39]. In the

60
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Figure 5. Pressure dependence of T, of La,_,Ba,CuO,4_, (LBCO). Solid squares indicate the onset of
superconductivity from Katano et al. [23], Hiicker et al. [24], and Chu et al. [5,10]. OP denotes optimally
doped; other data reported by Chu et al. [10] were of an unknown doping and measured as-grown.
data from Hiicker et al. [24] was from a sample with a Ba doping of x ~ 1/8, and T, was suppressed due
to the 1/8 anomaly (see text). T, onser is defined as the temperature at which the resistivity versus temp-
erature relation deviates from linearity. T ,r, was defined as the temperature at which the value of the
resistivity is below the instrumental noise floor. Red region is the measured LTT phase and green is the
LTO phase. The decrease in the highest pressure data point from Chu et al. [5] (red) was attributed to
sample damage.
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LBCO system the intrinsic pressure response appears to arise from structural changes ( e.g.
the destruction of the LTT phase [129]) and a suppression of the magnetically ordered
stripes [142,143].

As-grown LBCO has been reported to exhibit a T, of 42.5 Kat 1.3 GPa, with adT./dP ~ 6
K /GPa [10,23] (Figure 5). The onset of superconductivity in optimally doped LBCO was
reported to rise to 52.5K under similar pressures [10]. The pressure dependence was
also positive, unlike that observed in conventional superconductors at the time [5]. In
addition to quasi-hydrostatic compression, uniaxial strain has shown to have a similar
effect on the transport properties of LBCO. Locquet et al. [144] reported that compressive
epitaxial strain on thin film LSCO generated through an appropriate choice of substrate
nearly doubles T, from 25K to 49K. The same resistivity measurements indicate a
decrease in T*. Bozovic et al. [145] reported that tensile strain suppresses
superconductivity.

3.3. Magnetic and electrical resistivity measurements of LBCO/LSCO

Similar to doping, pressure has significant effects on the magnetic and electronic proper-
ties of LBCO and LSCO. Many of the magnetic effects on LBCO appear to be related to the
spin-stripe order that predominantly exists in the LTT phase. Stripes, proposed indepen-
dently by Zaanen and Gunnarson [69] and Machida [146], are charge and spin density
waves present in the CuO, planes that are incommensurate with the underlying lattice.
Their existence in many cuprate families is well documented [69,70]. Guguchia et al.
[143] studied the interplay between static stripe order and superconductivity in LBCO
using muon spin relaxation (uSR) spectroscopy and reported that magnetic ordering
appears to be related to the presence of the LTT phase. The destruction of the LTT

3.04 La,,Ba,CuO, /

2.5
3
& 2.0
% . P A A 2GPa
= A ——>ia AA‘“ A 14GPa
215 T s 0Gra
b7
81.0-

0.5+

0.0 T

0 20 40 60 80 100

Temperature (K)

Figure 6. Temperature dependence of resistivity at various pressures for La, ,Ba,CuO4 at barium
dopings of x =0.106 (squares) and x =0.125 (triangles). Arrows indicate application of pressure.
For both compositions pressure tends to increase both the onset of superconductivity and the zero
resistivity temperature. For x =0.125 the step-like behavior associated with the LTT phase and
stripe order due to the 1/8 anomaly is reported to decrease under pressure. Figure adapted from
Ido et al. [147].
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Figure 7. Temperature dependence of magnetic susceptibility of La;g7sBag 125Cu0O4—, (LBCO) at
different pressures. The enhancement of step-like behavior in the susceptibility has been explained
as arising from a suppression of the magnetically ordered stripes under pressure. As the LTT phase
and stripe order is destroyed, more of the sample becomes superconducting. This allows for the Meiss-
ner effect to be more strongly evident at higher temperatures. Figure reproduced from Guguchia et al.
[129] with permission.

phase with pressure corresponds to the reduction in the volume fraction of the magne-
tically ordered phase and the corresponding increase in the volume fraction of the LTO
phase [143].

In LBCO and LSCO a step-like feature has been reported in ambient pressure resistivity
experiments, particularly when the sample is placed in a magnetic field, and has been
observed since the discovery of cuprate superconductors (see Figure 1 in [10]). Ido
et al. [147] reported a step-like behavior in resistivity measurements on LBCO under
pressure Figure 6. Both the upper and lower temperature scales (T.; and T, respectively)
were observed to increase with pressure. At dopings around x = 1/8 the step like feature
is especially prominent. As pressure is increased, the step-like behavior is suppressed
[148]. Ido et al. [147] correlated the reduction in the step-like behavior to the destruction
of the LTT phase.

Guguchia et al. [129,143] reported magnetization measurements exhibiting a similar
two-step behavior that also indicate an upper and lower critical temperature. The authors
attributed the upper critical temperature (T;;) to the onset of the Meissner effect within
the CuO, planes and the lower critical temperature (T,,) to the complete expulsion of mag-
netic fields from the bulk. Under pressure, the step-like behavior in the susceptibility is
enhanced [129,143]. As the pressure is increased, the magnetically ordered antiferromag-
netic phase is suppressed at all doping levels, as indicated by the neutron scattering data
of Traquada et al. [70] and xSR results by Guguchia et al. [129,143]. T, increases under
pressure from 30K at ambient pressure to almost 45K at 2.1 GPa, while T, increases
from 10K to above 12 K over the same pressure range [129] Figure 7. The magnitude of
the step in the susceptibility drastically increases upon compression, consistent with the dis-
appearance of the LTT phase and subsequent suppression of the magnetically ordered
stripes. Although stripe formation is greatly suppressed, Guguchia et al. [129,143] and
Hiicker et al. [24] reported weak stripes persisting even after the LTT phase is destroyed
at higher pressures. The results suggest that whereas the LTT phase helps stabilize stripe
order, weak stripes are still able to exist in the LTO phase [24,129,143].
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Figure 8. P response of T*. As reported by Doiron-Leyraud et al. [149], the critical doping level corre-
sponding to the termination of the pseudogap phase boundary, nj; has been observed to shift to
lower doping levels under hydrostatic pressure using transport measurements. Elevated pressure
phase boundaries adapted from Doiron-Leyraud et al. [149] and Rullier et al. [64] Low pressure bound-
aries adapted from Wang et al. [151,152], Cyr-Choiniere et al. [153], Xu et al. [154], and Fujii et al. [155].

3.4. Pseudogap under pressure in LBCO/LSCO

The pseudogap onset temperature, T* is defined as the temperature where the partial
depletion in the electron density of states begins to appear. T* appears to be independent
of pressure, disorder, and structural changes [64,149]. This behavior of the pseudogap
provides no clue as to the nature of the pseudogap, and its origin remains to be under-
stood. Doiron-Leyraud et al. [149] reported that the value of T* appears to be unaffected
by pressure, with the the linear relationship between T* and doping as presented in the
universal phase diagram (Figure 2) persists up to tens of gigapascals, and appears to be
unaffected by the LTO — LTT phase transition. At ambient pressure, T* terminates at a
point tangent to the superconducting dome slightly above optimal doping, meeting
the dome at a critical doping (n};). Campuzano et al. [150] argue that, at ambient pressure,
this critical doping corresponds to a change in the Fermi surface topology from hole-like
to electron-like. Resistivity measurements by Doiron-Leyraud et al. [149] (following the
methods of Cooper et al. [104]) indicate that the value of n};, and therefore the pseudogap
boundary, moves to lower doping levels with pressure, truncating the pseudogap phase
boundary (Figure 8).

The major effect of pressure on T* is on the maximum allowed doping for which the
pseudogap can exist. This observation implies that pressure is simply shifting the termin-
ation point of the T* versus doping relation to lower dopings, not changing any of the
properties of the pseudogap itself. It should be noted that many experiments that
probe the pseudogap in LBCO/LSCO, both at ambient and elevated pressures, were per-
formed on Eu - doped [156,157] and Nd - doped [149,157,158] samples, two dopants
which are known to enhance stripe formation in the underdoped cuprates [153,155].
More experiments are needed to determine the nature of the relationship between the
pseudogap and pressure.
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3.5. Uniaxial compression of LBCO

The application of uniaxial stress has also been used as a probe into the interplay between
superconducting and magnetic effects in LBCO, particularly in measuring the enhanced
magnetism in the region of phase space around the 1/8 anomaly. Guguchia et al. [159]
report uniaxial compression of LBCO with doping around 1/8 to exhibit a steep increase
in T, along with an enhancement of spin-stripe order as measured using uSR. This has
been interpreted as a destruction of the stripes associated with the 1/8 anomaly and sub-
sequent enhancement of 3D superconductivity within the sample as opposed to the 2D
superconductivity traditionally associated with cuprates. Evidence for the existence of 3D
superconductivity that is fundamentally different from the 2D superconductivity exhib-
ited in cuprates has previously been presented by Tranquada et al. [160] and by Guguchia
et al. [143] in LBCO around the 1/8 anomaly.

Takeshita et al. [161] demonstrated that the superconducting and magnetic properties
of Eu-doped LBCO are highly dependent on the direction of the applied stress. Stress
along the (110) axis enhances T, about 3 times more than stress along the (100) axis.
The discrepancy in these stress responses was attributed to stress induced stripe for-
mation/destruction. Recently, Kamminga et al. [162] have reported uniaxial compression
along the (110) direction in LBCO (x ~ 1/8) to destroy stripe order as probed by neutron
diffraction.

4, Yttrium Barium Copper Oxide (YBCO)

As described above, the measured increase in T, under pressure observed by Chu et al.
[10] in LBCO led to the ‘chemical pressure’ hypothesis that replacement of La** in the
cuprate with Y3+ would give rise to a further T, enhancement. The first compound syn-
thesized was the most common variety of YBCO, YBa,CuzO;_, (Y-123). Later, Zandbergen
et al. [163] identified a second member of the YBCO family with doubled CuO; chains in
each unit cell with chemical formula YBa,Cu40g_, (Y-124) as a separate structural phase
rather than a crystallographic defect. In addition to the Y-123 and Y-124 phases, a Y-237
phase [164] and a Y-247 phase [165] exist, which may be thought of as heterostructures
consisting of alternating blocks of Y-123 and Y-124. Both Y-237 and Y-247 require high
oxygen partial pressures to form [166]. Structures, along with definitions of the crystallo-
graphic axes used in this paper, are presented in Figure 9. YBCO differs structurally from
many of the other cuprate superconductors, in that it contains CuO, chain structures
between the superconducting planes. These chains are oriented along the b axis of the
unit cell, and cause YBCO to be significantly more orthorhombic than other cuprates.
The broken four-fold rotational symmetry of the ab plane due to the chains means com-
pounds of the YBCO family cannot be described using tetragonal or pseudo-tetragonal
symmetry as is common for other cuprates.

A major open question for YBCO compounds under pressure is the nature of the
complex interplay between the charge density waves and superconductivity. While it is
agreed that the charge density waves are in general suppressed via hydrostatic or
quasi-hydrostatic pressure and by uniaxial stress [169,170], it is debated if this observation
is due to a complete destruction of the CDW phase under pressure, as proposed by Cyr-
Choiniere et al. [142]. Alternatively, Vinograd et al. [171] have proposed that charge
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Figure 9. Left: YBa,Cu30;_, (Y-123) unit cell. The two parallel CuO, planes in the center of the struc-
ture are believed to be responsible for superconductivity. The CuO, chains are on the top and bottom
of the unit cell and run parallel to the b axis. Right: YBa,Cu40s_, (Y-124) crystal structure. Y-124 has a
significantly longer ¢ parameter due to the doubling of the CuO, chains. Structural parameters for Y-
123 (a=3.837 A, b=3.897 A, c=11.73 A) from Junod et al. [167] and Y-124 (a=3.840 A, b=3.871 A,
c=27.23 A) from Karpinski et al. [168].

density waves continue to exist at high pressures, but correlation lengths are much
shorter and are therefore unable to effectively scatter the charge carriers, as suggested
by NMR experiments. The later group has argued that a destruction of the charge
density waves implies that the majority of the rise in T, below 2 GPa would be due to
the suppression of the CDW phase, whereas their continued existence at high pressure
would suggest that P induced doping is responsible for the rise of T..

There is evidence of significant oxygen relaxation effects from the weakly bonded
CuO; chains present in Y-123. Sadewasser et al. [130,172] reported that the T, versus
pressure curve is dependent not only on the oxygen content and the pressure, but
also on the temperature at which the pressure was changed, and how long the sample
was left to relax after any change in P-T conditions. Little to no relaxation effect has
been reported for Y-124, with Veal and Paulikas [173] suggesting that this difference is
due to the doubling of the length of the chains in the unit cell of Y-124. Almasan et al.
[136] observed that this allows for the majority of the chain Cu to have a closer to
optimal valency.

4.1. Structural studies of YBCO

The oxygen relaxation effects reported in Y-123 discussed above greatly complicate the
interpretation of compression experiments. Sadewasser et al. [172] and Calamiotou
et al. [174] have demonstrated that large hysteresis effects are present in Y-123, with
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Figure 10. Unit cells of the ambient pressure YBa,Cus0g_, (Y-124) structure (Ammm) and high
pressure structure (/Immm) projected onto the ac plane. The chains begin to cant under pressure
and eventually collapse to form a three dimensional CuO, network near 11 GPa, greatly suppressing
superconductivity. Oxygen tetrahedra drawn to emphasize formation of a 3D Cu-O network. Unit cell
dimensions and atomic positions from Nakayama et al. [177].

different P-T paths resulting in different, and occasionally contradictory, results. Exper-
iments show structural phase transitions occurring anywhere from 1.1 GPa [175,176] to
3.7 GPa [174]. It is debated if these transitions are orthorhombic to tetragonal transitions
as proposed by Akhtar et al. [175], isostructural transitions to a collapsed orthorhombic
phase observed by Fietz et al. [15], or to a disordered state as observed by Calamitou
et al. [174]. The data suggest that the temperature at which the pressure is changed
(and vice versa) significantly alter the properties observed in Y-123 under compression.

Unlike Y-123, Y-124 is much less prone to hysteresis effects. The phases observed in Y-
124 are mostly independent of the P-T path taken by the sample. Calamiotu et al. [174]
observed Y-124 to undergo a structural phase transition near 11 GPa, from the orthor-
hombic Ammm structure to a higher pressure orthorhombic Immm phase. In high
pressure samples a small amount of the low pressure phase was observed to remain
[177-179], Nakayama et al. [177] estimated that 8.7% of the sample remained in the
Ammm phase. Nakayama et al. [177] also determined that the Immm high pressure
phase still contains the CuO, planes common to all HTS cuprates. In the high pressure
phase the chains severely tilt and collapse to form a three-dimensional Cu-O network
(Figure 10). Nakayama et al. [177] found T, to decrease in the high pressure phase,
coinciding with the collapse of the chains. Transport data by Van Eenige et al. [31] and
Scholtz et al. [33] exhibit a kink in the T, versus pressure relation at the same conditions
(P ~11 GPa), albeit with a much less drastic change than reported by Nakayama et al.
[177]. This structural transition was shown to be reversible upon release of pressure by
Souliou et al. [11], indicating that the chains are not irreversibly destroyed and tend to
reform upon decompression.
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4.2. T, under pressure in YBCO

At pressures below the observed structural transitions in Y-123 [44,136,180] and Y-124
[181], the critical temperature versus pressure curves appear to track the effect of
doping on T.. Pressure induced doping is believed to be the most significant contribution
to the pressure dependence of the critical temperature up to ~20 GPa [135-137]. The
parabolic trajectory of T, continues up to a maximum critical temperature of 108K in
Y-124 at 12 GPa [31,130]. With further increase in pressure, T, then decreases forming
an inverted dome (Figure 11). These observations led Chen et al. [181] to cast the pressure
dependence of T, in terms of two variables, the charge carrier density in the CuO; planes
(ny) and the effective pairing potential (Ves),

Te(P) = Tclny(P), Ves(P)]. (4)

The authors then used the measured T.(P) and dT./dP values [136] as inputs to an exper-
imentally motivated d-wave gap (Equation 2) additional constraints were provided by a
hole concentration constraint

1 1 €& — L
=-—-= tanh , 5
=3 2Nkan(2n) ©)

and an experimentally measured dispersion relation

ek = 0.16625 cos (ky) cos (ky) 4 0.046( cos (2k,) + cos (2ky)), (6)

with a d-wave gap determined for cuprates in general via ARPES [150,182,183]. (for discus-
sions of the YBCO gap see Lu et al. [184] and Damascelli et al. [185] for additional discus-
sion of the gap in general). Chen et al. [181] argued that irrespective of the pairing
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Figure 11. Left: Evolution of T, with pressure for optimally doped Y-123. Data for Y-123 from Tissen
et al. [25] and Klotz et al. [26] Right: Evolution of T, with pressure for UD Y-124 including three calcu-
lated curves utilizing different coupling strengths (Ba = 1,2,3) calculated by Chen et al. [181] using the
methods described in the text. Data from Bucher et al. [27] Diedrichs et al. [28] Tissen et al. [29]
Braithwaite et al. [30] Van Eenige et al. [31] Takahashi et al. and [32] Scholtz et al. [33] Figures
adapted from Chen et al. [181].
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mechanism, the effective attractive potential varies with the a lattice parameter as
Verr ~ 1/, €7P9, with B > 0 being a material dependent quantity. Solutions to the gap
equation with these constraints were then calculated. The pressure dependence of the
critical temperature for various values of Ba along with experimentally determined T,
versus pressure data are presented in Figure 11. The calculated curves show a roughly
parabolic behavior and are in agreement with experimentally measured values of T..
The above observations led to the proposal that pressure alters the oxygen ordering
within the CuO, planes and chains of YBCO, and therefore T, in a manner analogous
to oxygen doping [172,186]. According to this picture charge carriers originate in the
chains and are then transferred to the CuO, planes as they deform under pressure
[110,187]. Pressure induced charge transfer increases and then suppresses T.. In Y-124
this continues up to a structural phase transition at 11 GPa, where the chains buckle
and superconductivity is suppressed.

Neumeier et al. [135,188] reported that in Pr doped Y-123 [(Y;_,Pr,)Ba,Cu30_s], upon
increasing the Pr concentration the value of dT./dP upon initial pressurization increases,
maximizes at x=0.3 , and then becomes negative. This behavior is in contrast to that of
pure YBCO, which retains a positive dT./dP upon initial compression for all doping levels.
Maple et al. [189] were able to describe this behavior in a phenomenological model by
assuming the pressure effect on T, to have two contributions: the hybridization of the
4f electrons with the valence band of the CuO, planes, and the scattering of supercon-
ducting electrons by the Pr magnetic moments. The model assumes a constant oxygen
doping, consistent with the notion that the suppression of superconductivity in this
system is primarily due to effects of the Pr dopants.

4.3. Raman spectroscopy of YBCO

As an optical technique, micro-Raman spectroscopy is well suited to high pressure
measurements using DACs. The technique has been used for studies of HTS cuprates,
in particular for measurements of vibrational spectra, including detailed analyses of
vibrational line shapes, electronic scattering signal, and attempts to directly measure
the superconducting gap. The results provide important constraints on physical proper-
ties and, in principle, aid in developing a theory of the superconducting mechanism
[190,191]. Moreover, the initial phase characterization of YBCO [192] was greatly aided
by advances in micro-Raman spectroscopy, a technique developed for the measurement
of Raman spectra at high pressure. Ambient pressure Raman measurements of YBCO
show changes in spectra below T, with the electronic scattering signal being suppressed
below 150 cm~" and spectral weight shifting to a broad feature between 350 cm~' and
450 cm~' . These changes have been interpreted by Monien et al. [193] as arising from the
opening of a superconducting gap. The depletion of electrons around the Fermi level
would then suppress any scattering from modes with a frequency below the gap
energy, o < 2A. A smaller depletion is observed below T* and has been interpreted as
signature of the pseudogap by Nemetschek et al. [194]. Despite the depletion in spectral
weight in the spectrum, scattering from the electronic excitations is not completely sup-
pressed; these results have been interpreted as further evidence for gap anisotropy, i.e. a
d-wave order parameter [195,196].
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Figure 12. Left: Raman spectra of nearly optimally doped YBa,Cus0;_, (Y-123) at various pressures in
the superconducting phase measured at T=25K [199]. A large broadening of the electronic back-
ground is present around 300 cm~' which was attributed to an enhancement of electron-phonon
coupling. Right: Y-123 at 10.5 GPa and various temperatures above and below T.. With increasing
pressure the scattering at low wave numbers decreases and spectral weight shifts to a broad
feature around 300 cm™', consistent with the opening of the superconducting gap [197]. Spectral
weight is never fully suppressed within the spectral gap region indicating the d-wave character of
the gap, i.e. points exist on the Fermi surface where the gap is zero. Despite the sample being
nearly optimally doped, electronic Raman features appear to match those of overdoped samples
while under pressure. Figure from Goncharov and Struzhkin [197] reproduced with permission.
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Figure 13. P dependence of Raman mode frequencies of YBa,Cu,0g_, (Y-124) in the normal (left) and
superconduting state (right). The intensity of the O1 and Cul dominant modes are greatly reduced at
pressures above the structural phase transition (vertical dashed line) that is associated with the
destruction of the CuO, chains and formation of the 3D CuO, network. At low temperatures an
additional peak associated with the formation of the 3D CuO, network formed from the collapsed
chains appears at 450 cm™'. Peaks split at pressures above the transition. Figure adapted from
Souliou et al. [11].
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Similar phenomena are apparent in high pressure Raman spectra reported for Y-123
[174,197-199] and Y-124 [11,174,200]. These Raman spectra all show a shift in the 500
cm™ peak that has been correlated to the oxygen doping at ambient pressure. Gonch-
arov et al. [197] used the behavior of this peak to estimate the hole doping (ny) under
pressure. Above 7 GPa broad features emerge between 200cm~" to 400 cm~', which
appear similar to those observed in overdoped samples at ambient pressure Figure
12 [197]. The reported temperature dependence of the spectra is presented in Figure
12. The results indicate that nearly optimally doped Y-123 behaves like an overdoped
cuprate under pressure; j.e. T, is slightly lower than the critical temperature at
optimal doping and Raman shifts are consistent with those of overdoped Y-123
[197,201].

The Raman peaks observed in the normal and superconducting states of Y-124
above 11.2 GPa indicate a hardening and splitting of the modes associated with the
chain copper and oxygen sites [11] Figure 13. The effects are interpreted as arising
from collapse of the chains to form the three dimensional Cu-O network of the
Immm structure as described in the previous section [11,200,202]. The other peaks in
the Raman spectrum of the high pressure phase of Y-124 are broadly similar to
those of the low pressure spectrum, which is consistent with the observation that
the only major change in the Y-124 structure is the collapse of the chains to form
the 3D Cu-O network.

4.4. Charge density waves under pressure in YBCO

Charge density waves (CDW) have been measured in YBCO at ambient pressure using
nuclear magnetic resonance (NMR) [203] and x-ray diffraction [204,205]. The CDW
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Figure 14. Effect of pressure on the doping-temperature phase diagram of YBa,Cu30;_, (Y-123). The
suppression in the superconducting dome around y ~ 0.12 has been attributed to the competition
between the superconducting phase and stripe formation [206]. Measurements of the dome at 2
GPa (red), 7.5 GPa (green), and 15 GPa (pink) are presented. Lines inserted as a guide to the eye.
Error bars inserted when reported. Figure adapted from Cyr-Choiniere et al. [142].
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competes directly with superconductivity around an oxygen doping of x ~ 0.13. The
phase competition is demonstrated by a noticeable dip in the T. versus doping
curve (Figure 14). Inelastic x-ray scattering by Souliou et al. [170] and resonant soft
x-ray scattering by Huang et al. [169] indicate a suppression of electronic order in
the Y-123 compounds under pressure. LeBoeuf et al. [206] has attributed the suppres-
sion of T, with pressure in Y-123 and Y-124 to the destruction of charge density waves
and the corresponding destruction of the electron like pockets in the Fermi surface.
LeBoeuf et al. [206] further argued that as the CDW appears to be completely
destroyed by 1 GPa, the destruction of the CDW under pressure alters the T, versus
doping relation shifting the optimal doping parameter to ny~ 0.13 at 15GPa
(Figure 14). Furthermore, the destruction of the CDW through pressure causes the
superconducting dome in YBCO to approach the parabolic relation described above
(Equation 1) [51].

Under pressures measured to date parameters associated with charge order, such as
slow quantum oscillations (particularly in Y-123) [207] and the presence of a negative
Hall number [208] are hardly changed from the ambient pressure values. These
results are particularly evident in the NMR experiments reported by Vinograd et al.
[171], where it appears that both long and short range CDW both exist appear to be
nearly unaffected by pressures up to at least 1 GPa. As the authors state, it is not
clear if these discrepancies are due to experimental constraints or a more complicated
interplay between the CDW and superconductivity under pressure than previously
assumed [209].

4.5. Nuclear magnetic resonance of YBCO

Nuclear magnetic resonance (NMR) probes the electronic environment around specific
NMR active nuclei in a material. Due to the relatively large sample size needed for mean-
ingful NMR data, NMR measurements have not yet been reported above several GPa
[210,211]. Meissner et al. [212] and Zheng et al. [213] reported NMR measurements of
Y-123 under pressure, and both found that on compression, the samples began to
behave like a Fermi liquid. Up to ~6 GPa, all NMR peaks shift to higher frequencies,
with the most dramatic shift present in peaks associated with the planar oxygen. The
shift indicates an increase in the spin susceptibility of the superconducting CuO,
planes with pressure.

The collapse in the Knight shift at temperatures above T, at ambient pressure has been
interpreted as the opening of the pseudogap [214]. The collapse is observed to lessen in
magnitude as pressure is increased and the sample effectively becomes more overdoped
[171,212,215] Figure 15. Similar effects have been observed on increasing oxygen doping
of Y-123 at ambient pressure by Alloul et al. [216]. These measurements are consistent
with the hypothesis that pressure increases the effective hole doping within the CuO,
planes, i.e. both changes result in the electronic properties of cuprates approaching
that of a Fermi liquid.

Recently, Jurkutat et al. [217] reported the use of NMR to probe ny within the CuO,
planes in Y-123 as a function of pressure, specifically by tracking the quadrupole splitting
of the Cu and O frequencies and relating the magnitude of the splitting to the hole con-
centrations within the planes [171,209]. Unlike many other techniques for directly
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Figure 15. Knight shift of 7O from the planar oxygens in UD YBa,Cu307_, (Y-123). At ambient
pressure there is a collapse in the Knight shift at temperatures greater than T, indicating a removal
of conduction electrons attributed to the pseudogap. Measured T, values indicated by vertical
lines. As pressure is increased the decrease is lessened, indicating the magnitude of the pseudogap
is decreasing as the behavior of the sample approaches that of a Fermi liquid. Data from Meissner
et al. [212], Zheng et al. [215] and Vinograd et al. [171].

determining the hole concentration, NMR is not directly sensitive to the stoichiometric
doping parameter (y) and is able to determine the relative hole contribution from the
Cu dxz,yz orbitals (nyc,) and the O p,, orbitals (n0). It was empirically determined that
the relative hole contents are related through the equation

(7)

with y representing the usual stoichiometric oxygen doping parameter. The ratio of ny ¢,
to nyo is then a material dependent parameter which is roughly constant at ambient
pressure, irrespective of chemical doping [218].

Under pressure ngo/nycy is reported to no longer remain constant, so equation 7
must be modified as ny is no longer directly proportional to 1—y. Replacing y with
the hole-doping concentration as measured by NMR generalizes the relation to
samples under pressure [217]. Pressure is observed to increase the overall value of ny,
but with holes being preferentially injected into (electrons being removed from) the
oxygen p orbitals. These observations imply that the pressure induced doping contri-
bution to the trajectory of T, under pressure is directly related to the magnitude of
ny, corroborating data from of other probes. The change in the ratio of nyp to nycy
would then be a material dependent quantity responsible for differences in T,
between cuprates.

14y = nucy + 2040,

4.6. Pseudogap under pressure in YBCO

Relatively few high pressure studies of YBCO in regions of the phase diagram that
exhibit the pseudogap have been reported (For a general review see Vovk and Solov-
jov [219]). Similar to observations for LBCO/LSCO, the value of T* appears to be



22 (&) A.C.MARKETAL.

YBa,Cu;0,,, -
14 Pseudogap Width . /

/L—J
. / O
T |<11.2 7 n ]
<
| ./
/ —m— Y-123UD
= —m-Y-123 OP
10{mE=— i—w— "

—B— Y;45Pr0.05Ba,Cu307,,

T ¥ T ' T N T i T = T * T b T * T &
00 02 04 06 08 10 12 14 16 18
Pressure (GPa)

YBa,Cu,0;., Pseudogap I:I//D
1.1 4 Onset Temperature
ol ]
Pl
H /
10 . g
\ \ —m—Y-123 OP
—@— Y, 05Pro, UsBaZCu307y
L LI T i — T = T T 1

00 02 04 0.6 0.8 1.0 12 14 16 18
Pressure (GPa)

Figure 16. Top: Pressure dependence of normalized A* (pseudogap width) versus pressure for under-
doped and optimally doped YBa,Cu30;_, and optimally doped Y 95Prg.058a,Cu307_,. In all samples
the maximum gap width is reported to significantly increase under pressure, with the most drastic
broadening occuring in the underdoped samples (black) and in samples doped with Pr doped
samples (green). A* was determined using the methods described by Solovjov and Dmitrev [231].
Bottom: Pressure dependence of T* for the same samples. T* in pure YBCO T* shows little to no
pressure dependence, whereas Pr doped YBCO shows an increase in T* from 110K at ambient
pressure to 122.9K at 1.7 GPa. Data from Solovjov et al. [220,227,232].

relatively insensitive to pressure [220,221]. As the transition from the strange metal
state to the pseudogap appears to be a continuous crossover, there is some ambiguity
in determining the exact value of T*. Values of T* range from 135K to 141K for all
pressures below 1.75 GPa. These observations do not definitively prove that there is
no pressure effect on T*, but only that any effect is of a magnitude to the experimen-
tal resolution. Additionally, very few data points of T* above 1.7 GPa have been
reported.

Numerous reported experiments indicate the replacement of Y in Y-123 with other
rare earth elements cause little change in the resistive properties of these compounds
[222], other than replacement of Y with Pr [223-226]. This observed ‘praseodymium
anomaly’ is associated with a large increase in electrical resistivity and a decrease in
Tc. It has been proposed that the anomaly is related to interactions between the
CuO; planes and the 4f electrons found in Pr [188]. In addition to these peculiarities
found in Pr-doped YBCO, Yqo5ProosBa;CuzO;_s is reported to exhibit a positive
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dT*/dP which appears to track the increase in T, reported by Solovjov et al. [227]. Neu-
meier et al. [188] note that the peculiarities found in Pr-doped YBCO may be related to
the comparatively large magnetic moment of the Pr (~ 3.58 u;) [228] which is signifi-
cantly larger than other rare earth elements, possibly providing valuable data on the
impact of magnetism on the pseudogap and HTS in general [229,230]. Unlike T*,
the pseudogap width A* is observed to vary with pressure in YBCO, with the gap
width increasing up to 46%. All T* and A* data under pressure is presented in
Figure 16. Absent a complete theory, most of these analyses are phenomenological
in nature.

4.7. Uniaxial compression of YBCO

In addition to hydrostatic (or quasi-hydrostatic) compression, YBCO has been studied
under uniaxial stress. Both T, and dT./dP; (i=q, b, ¢) vary considerably depending on
the axis of compression and the initial doping of the sample. Kraut et al. [233] have
shown it is possible to model T, as the sum of uniaxial compression effects with d7./dP
written as

dT. _ ~dTe_dT, , dT. , dT. "
dpP —dpP;  dP,  dP, dp.’
where P; is the stress along the a, b, and ¢ crystallographic axis.

In Y-123 it appears that uniaxial stress along the a or b axes produces effects on T,
unrelated to doping. Upon initial compression, dT./dP, and dT./dP, differ in sign and
nearly cancel each other under hydrostatic pressure [233,234]. For all dopings the g, b,
and ¢ derivatives appear to sum together to give the observed hydrostatic value. An
initial large value of the pressure derivative around a doping level of x = 6.73 corresponds
to a structural anomaly involving a decrease in orthorhombicity (similar to the 1/8
anomaly in LBCO) and a change in sign of dT./dP, [233] Figure 17. The considerable differ-
ences in the effects of uniaxial stress bring into question many of the contradictory results
from high pressure experiments on YBCO, as many were conducted under non-hydro-
static stress conditions [235-237].

In addition to uniaxial stress effects on transport properties, there is a noticeable
effect on the charge density waves in Y-123. [240,241]. A slight compression in the
a(b) axis enhances the correlation along the b(a) charge density waves measured
by resonant inelastic X-ray scattering (RIXS). Compression along the a direction
leads to a new set of Bragg reflections observed in RIXS which are consistent with
a new long range 3D CDW order that competes directly with superconductivity
[240]. The 3D CDW that emerges under uniaxial stress is distinct from the 2D CDW
observed at ambient pressure in that it is coherent over a much longer range. The
3D CDW is completely destroyed when the material enters the superconducting
state, unlike the 2D CDW, which can persist in vortices pinned to defects. A long
range 3D CDW was also observed in YBCO when exposed to high magnetic fields
(~10 T) [242-244].

Mito et al. [12,245,246] reported that uniaxial strain destroys superconductivity in
single crystal Y-124. In optimally doped Y-124 the Meissner signal was reported to
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Figure 17. Left: Uniaxial stress dependence of T, in nearly optimally doped Y-123 for stress applied
along the a, b, and c directions. up to 0.3 GPa. Data from Kraut et al. [233]. Right: Uniaxial pressure
coefficient upon initial pressurization, dT./dP; (i= a,b,c), versus oxygen doping parameter up to y =
0.5. dT./dPy is always initially positive with the largest values for those samples near y = 0.25. Hydro-
static pressure dependence from Kraut et al. [233], Meingast et al. [238] (both calculated from thermal
expansivity measurements), and Benischke et al. [239] (calculated from transport measurements) are
also plotted.

disappear at 10 GPa when stress was applied along the c axis [246]. Mito et al. [247] also
reported that doping of Ca into Y-124 allowed the Meissner signal to persist up to a uni-
axial stress of 15 GPa along the c axis [248,249]. Zhang et al. [164,250] reported epitaxial
strain induced by CuO intergrowths in a La, 3Cay;3MnOs/YBa,Cu3O;_s heterostructure to
decrease T.. Films grown a using pulsed laser deposition process known to induce such
intergrowths [251] were reported to exhibit T, values of 60 K as opposed to films with
no measured intergrowths. STEM measurements indicated that a doubling up of the
CuO chains were present in the strained samples, driving the system to form a significant
amount of Y-247 that suppressed superconductivity [251].

5. BiSroCan—1CupO2niatsr TlmSraCan—1CusOzn4mysr and
HgBa,Ca,_1Cu,0zn42+5 under pressure

The majority of other commonly studied cuprate superconductors are structurally similar
to each other and consist of alternating layers of flat CuO, planes and metallic charge
reservoir layers as discussed above. These materials include bismuth-based
Bi,Sr,Ca,_1Cu,Ozp1445 (BSCCO), thallium-based Tl,,Sr,Ca,_1Cu,Ozpimes (TBCCO), and
mercury-based HgBa,Ca,_1Cu,02412+5 (HgBCCO). All families contain compounds with
one to five adjacent layers of CuO; planes in a unit cell. These cuprates are all orthorhom-
bic, due to a Jahn-Teller distortion along the b axis. The distortion is small, below the res-
olution of many probes. As a result these cuprates are often referred to as pseudo-
tetragonal despite being orthorhombic; the higher symmetry is used to describe their
structures.

As found for other cuprates, pressure can produce higher critical temperatures for near
optimally doped samples. High pressure measurements by Montiverde et al. [19] and
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Yamamoto et al. [41] show that at 30 GPa fluoridated HgBa,Ca,Cu30g. 5 exhibits the onset
of superconductivity at 166 K and a zero resistivity temperature of 133 K, the highest T,
values observed in a cuprate to date. Gao et al. [18] observed a similar enhancement of
T. from 130K to 164 K at 31 GPa.

Two common representations have been used to describe the structure of these
cuprates that depend on the reference with respect to the CuO, planes. Most exper-
imental papers use a primitive unit cell, with boundaries along the Cu-O bonds. This
representation results in a and b lattice parameters of ~ 3.85 A. The crystallographic
cell is rotated by 45° in order to place the unit cell boundary along the Cu-Cu
boundary giving a unit cell a and b parameter that is larger by a factor of +/2 as
shown in Figure 18. The ¢ parameter is extended by the same length in both rep-
resentations. It is also common to assume the unit cells are tetragonal instead of
orthorhombic in many calculations, as any orthorhombicity is below the resolution
of many probes. In the discussion below we use the smaller unit cell unless
specified otherwise.

The bismuth-bearing cuprates, have the chemical formula Bi,Sr,Cap_1Cu,O4i2n1s,
where § is the doping parameter and n is the number of CuO; layers in a unit cell.
Setting n =1-4 generates the formula for the four stable forms of BSCCO. The com-
pounds are abbreviated using the stoichiometry of the metallic elements (Bi, Sr, Ca,
and Cu) as a suffix with Bi-2201 being the single layered member (Bi,Sr,Cu;0¢. 5), Bi-
2212  having two layers (Bi;Sr,CaCu,0g.5), and Bi-2223 having three
(BiySroCayCusO1945). A four layer Bi-2234 compound is also possible, but it does not
form large single phase crystals and has not been studied as extensively under pressure
[252,253]. BSCCO unit cells are presented in Figure 19. TBCCO and HgBCCO are abbre-
viated in the same manner.

CuOs Plane

Figure 18. Superconducting CuO, plane common to all cuprates with the crystallographic cell (green,
a ~ 5.4 A) and the smaller cell (yellow, a ~ 3.8 A) typically used for electronic structure calculations.
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Figure 19. Unit cells of Bi-2201, Bi-2212, Bi-2223, and Bi-2234 presented in a tetragonal (/4/mmm)
representation. Oxygen bonds drawn to show apical oxygen sites out of the CuO, planes. For Bi-
2223 there is a single inequivalent central plane with no associated apical oxygen site. Bi-2234 con-
tains two central planes with no associated apical oxygen. As n increases the observed orthorhombic
distortion tends to decrease. Structural parameters used for Bi-2201 (a=3.80A, c= 24.64) from
Matheis et al. [253], for Bi-2212 (a=3.80A, c=30.9A) and Bi-2223 (a=3.80A, ¢ = 38.2A) from
Wesche et al. [254], and for Bi-2234 (a =3.80A, c= 44.3A) from Hatano et al. [252].

Figure 20. Crystal structures of HgBa,Ca,_1CupOy42n+s for n=1 (Hg-1201), n=2 (Hg-1212), n=3
(Hg-1223), and n = 4 (Hg-1234) presented in a tetragonal (P4/mmm) representation. Data used to gen-
erate image of Hg-1201 (a = 3.88A, ¢ = 9.50A) from Legros et al. [259], Hg-1212 (a = 3.86A, c = 15.84)
from Gatt et al. [260], Hg-1223 (a = 3.70A, c = 15.1A) from Hassun et al. [261], and Hg-1234 (a = 3.854,
c= 18.9A) from Lokshin et al. [262].



HIGH PRESSURE RESEARCH (&) 27

TlyBasCay—1CuyOugonts T

Figure 21. Unit cells of ThBa,Cap_1CupO4y2ny5 for n=1 (TI-2201), n =2 (TI-2212), n = 3 (TI-2223), and
n =4 (Tl-2234), presented in a tetragonal (/4/mmm) representation. Data used to generate image of
TI-2201 (a = 3.88A, c=23.2A) from Kajitani et al. [263], TI-2212 (a = 3.86A, c = 29.3A) from Subrama-
nian et al. [264], TI-2223 (a = 3.84A, c = 35.9A) from Torardi et al. [265], and TI-2234 (a~3.9A, c~42A)
from Matheis et al. [253].

Olsen et al. [255] first reported that BSCCO is structurally stable (or at least metastable
on room temperature compression) up to 60 GPa. Unlike many of the other cuprates,
BSCCO has no CDW phase competing with superconductivity, greatly simplifying data
analysis due to the absence of competing electronic or magnetic effects. These properties,
along with the wealth of information already gathered from other ambient pressure
measurements of BSCCO, make it the ideal candidate to understand the effects of
pressure on the superconducting properties of cuprates.

Members of the BSCCO family have an orthorhombic unit cell (Ammm), but due to the
close a and b parameters (within 0.1 A) all BSCCO varieties are often described using a
tetragonal representation (/4/mmm). BSCCO also contains offset CuO, planes which
result in much larger unit cells compared to many other cuprates due to the length of
the ¢ axis. The offset planes allow for an easy cleaving interface along the weakly
bonded BiO layers resulting in clean nearly flat surfaces, making BSCCO amenable to
ARPES and other surface-sensitive probes.

As discussed above, the mercury-bearing cuprates, HgBa,Ca,—1CupOzn12+5 N=1,2,3,
possess the highest T.'s at ambient conditions and under pressure [9,19,39,256]. They
are typically described with a tetragonal P4/mmm structure with a slight orthorhombic
distortion Figure 20. HgBCCO lacks offset CuO, planes, resulting in smaller ¢ parameters
and fewer atoms per unit cell than BSCCO. Variable T.'s have been reported for many of
the mercury-cuprates in part due to a broadening of the resistivity versus temperature
curve under pressure; e.g. in the single layer Hg-1201 the temperature at which the
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Figure 22. Left: Onset T, versus pressure plots for slightly underdoped HgBa,Ca,Cu30g45 (Hg-1223)
versus hydrostatic pressure showing a saturation in T, at 30 GPa. Data from Chu et al. [39], Takeshita
et al. [20], Gao et al. [18], Nunez et al. [40] Monteverde et al. [19], and Yamamoto et al. [41]. T, of near
optimally doped single phase Hg-1223 appears to rise and then fall with pressure superficially similar
to increasing 6 through oxygen doping. Right: T, versus pressure for uniaxial compression of Hg-1223
(stars) from Jover et al. [42] and for different mixtures of Hg-1223 and Hg-1234 (triangles) from lhara
et al. [43]. T, in the mixed phase samples are lower than pure phase Hg-1223, presumably due to inter-
calation of the four layer Hg-1234. Uniaxially compressed samples also exhibit lower values of T for all
pressures. Data from the above references. Lines are guides to the eye.

resistivity begins to trend toward zero was reported to increase with pressure but the zero
resistivity temperature decreases. [41,42,257]. The broadening of the critical temperature
is especially prominent in Hg-1212; Yamamoto et al. [41] report a difference of
Teonset — Tczero ~ 25 K at ambient pressure which increases to Teopser — Tczero ~ 45 K
near 18 GPa. The HgBCCO cuprates are prone to oxygen relaxation effects similar to Y-
123, further complicating their study under pressure [258].

Finally, the thallium-bearing cuprates, Tl,Ba;Can—1CunOzn1m-+2 behave similarly to the
bismuth-bearing family but with slightly higher T.'s. TBCCO exist in some compounds that
are isostructural to BSCCO (Figure 21) and some isostructural to HgBCCO, with Tl replacing
the Bi or the Hg. Like the other cuprate superconductors, they can be described using a
tetragonal structure exhibiting a small orthorhombic distortion. The Tl based family has
been studied relatively little under pressure and, similar to Y-123, are prone to large
oxygen relaxation effects upon changing pressure [34].

5.1. Transport measurements on the Bi, Tl, and Hg based Cuprates

The Bi, Tl, and Hg based cuprates have been characterized by electrical resistivity and
magneto-transport measurements at ambient [266,267] and high pressures
[14,35,131,268]. Like the simpler cuprates, the shift in T, has been associated with struc-
tural and doping effects as well as a suppression of competing phases [139,142]. Below
~ 40 GPa, T, appears to track the parabola-like doping versus T, curve with a small
offset due to structural effects [142]. As for LBCO/LSCO and YBCO the largest contribution
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Figure 23. Top: Pressure dependence of T¢ et Tc zero @and the midpoint of the two values for slightly
underdoped HgBa,Ca,Cu30g4s (Hg-1223) as determined by susceptibility measurements. Both the
onset and zero resistivity value rise upon compression up to the limit of the experiment, with both
values exhibiting the same trend under pressure. Bottom: T¢ snsers Tczro @and the midpoint of the
two values for slightly underdoped HgBa,CaCu,0¢. s (Hg-1212). As opposed to what is observed in
Hg-1223, T gnser and T 41, exhibit different trends under pressure in Hg-1212. T, is observed to
decrease above 11 GPa in Hg-1212 T, ;s appears to grow to the limit of the experiment. Lines are
guides to the eye. Figures adapted from Yamamoto et al. [41].

to the trajectory of T, under pressure is attributed to pressure induced doping for a wide
range of pressures.

Reported pressure dependencies of T, for the Hg bearing cuprates are presented in
Figure 22. The data show the current highest T, in a cuprate HTS as reported by Mon-
teverde et al. [19], T, onset at 166 K in fluorinated Hg-1223 at 23 GPa. There is some
ambiguity in the interpretation of transport data for HgBCCO, as many papers report
Tconset (the temperature where the resistivity versus temperature relation deviates
from linearity) as the transition temperature and others report the zero resistivity temp-
erature. The ambiguity complicates interpretation, as many of the Hg compounds show
a broadening of the transition under pressure. In Hg-1223 T ,,s.r appears to track T¢ 5,
reasonably well, but in Hg-1212 the two temperature scales behave differently. Yama-
moto et al. [41] reported a large difference of almost 45 K between the onset of super-
conductivity and the zero temperature resistivity in Hg-1212. A comparison between
the behavior of T, under pressure for Hg-1223 and Hg-1212 is presented in Figure
23. In Hg-1212 T, ,ner appears to rise monotonically with pressure, even though
7—c,zero drops.



30 A.C. MARKET AL.

Bi,Sr,CaCu,04,;

Ay
}IOZ[H/H

i \
Susceptibility, |

- - - - =

Resistivity

L — — — N

60 80 100 120
Temperature (K)

Figure 24. Normalized magnetic susceptibility (A/, dashed) and normalized in-plane (parallel to the
CuO, planes) resistance data (solid) for optimally doped Bi-2212 at several different pressures from
Guo et al. [280]. A noticeable step-like behavior emerges in the in-plane resistivity as pressure is
increased. The expected Meissner effect was observed in the susceptibility for the lower supercon-
ducting T, but no signal in the susceptibility occurs at higher temperatures. Guo et al. [280] inter-
preted these observations as arising from as an upper two-dimensional superconducting T, that
emerges at higher pressures and a shifting of the lower three-dimensional T, observed at ambient
pressure.

At low pressures the non-doping related effects of pressure on T, are typically large,
causing T, to initially rise irrespective of oxygen doping as observed in Bi-2212 [268],
TI-1212 [269], Hg-1212 [270], and Hg-1223 [270]. Sieburger et al. [271] found that upon
initial pressurization of Bi-2212 the intrinsic term dominates and almost no pressure-
induced doping effects are present for a range of oxygen dopings up to 1.5 GPa. For cup-
rates in the same family the initial dT7./dP appears to be identical, with Klehe et al. [270]
reporting a value of dT./dP = 1.75 + 0.03 K/ GPa for HgBCCO. As stated by Klehe et al.
[270,272] a more relevant physical parameter for this low pressure regime, where
doping effects are small, would be the relative volume derivative dIn(T.)/d In(V) as it
accounts for the different compressibilities between cuprate families. For low pressures
the value of the derivative appears to be universal; d In(T;)/d In(V) ~ —1.2 was measured
in Hg-1201, Hg-1212, Hg 1223 by Klehe et al. [273], in Y-123 by Neumier et al. [135] and
Jorgensen et al. [187] and in TI-1212 and Bi-2212 by Schilling et al. [274]. The apparent
universality of the relative volume derivative indicates that the intrinsic effects that
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cause T, to initially rise on compression are common to cuprates in general and is most
likely related to the compression of the CuO, planes common to all cuprate
superconductors.

As observed in most cuprates at higher pressures ( e.g. P > 1.5 GPa in HgBCCO), the
doping effectdominates and T, rises and then drops following the T, — doping relation
[275]. Chu et al. [39] argue that this observation implies that the highest values of T,
should be attained in slightly underdoped samples as the intrinsic and doping terms
are both initially positive. So far, this hypothesis appears to hold experimentally [19].

A major complication in data interpretation is the influence of pressure induced relax-
ation effects on T,. The properties of both the TBCCO family [269] and the HgBCCO family
[257] demonstrate a level of hysteresis upon pressurization. The value of T, under pressure
depends on the detailed temperature and pressure history along with doping for the
materials. In general, the hysteresis adds an additional time contribution to the pressure
dependence of T, that depends on how long after a change in pressure T, is measured.
Sadewasser et al. [257] modeled the hysteresis effect as

Tc(t)|relax = Tc(o0) — [Tc(oo) — Tc(o)] eXp{—(S_) }, 9)

where a is a phenomenological fitting parameter [130].

The value of 7 was fit to T, relaxation curves and used to estimate the time scale of the
relaxation effect. The application of pressure on overdoped Hg-1201 drastically increases ¢
from an ambient pressure value of 3.4 + 0.6 hours to 17.5 + 5.4 hours at 0.15 GPa.
Looney et al. [269] and Sieburger et al. [271] also observed similar increases in relaxation
times in the Tl-based cuprates under pressure. Further complications arise when anneal-
ing history is taken into account. Sieburger et al. [271] reported that these lengthy relax-
ation times were not evident the BSCCO samples that they studied. The number of CuO,
layers is also shown to have a large effect on T, and its pressure dependence [276,277]. As
the inner layers of cuprates with n>3 are protected from doping [278], pressure can
potentially drive holes into these protected layers dramatically increasing T. Finally,
many of the discrepancies between experiments in the Bi, Tl, and Hg bearing cuprates
could be due to non-hydrostatic effects in the sample environment. Compression in a
non-hydrostatic medium tends to produce lower maximum values of T, when compared
to hydrostatic or quasi-hydrostatic compression, as observed in the HgBCCO cuprates by
Jover et al. [42].

Measurements of T, via other techniques are in agreement with the T, — pressure
relationship obtained by tracking the magnetic susceptibility [14]. Through careful
biasing and noise reduction techniques Timofeev et al. [279] introduced a very sensitive
four coil technique for measuring T, in diamond anvil cells by detecting the Meissner
effect. Upon compression, T, in near optimally doped Bi-2223 was observed to rise and
then fall as one would expect by increasing the doping. Unexpectedly, T. was then
observed to rise once more as discussed in the next section.

Guo et al. [280] reported a step-like resistivity - temperature relationship in Bi-2212
Figure 24. The authors [280] proposed a superconducting 2D— 3D crossover, similar to
the 2D— 3D crossover observed by Takeuchi et al. [281] in overdoped ambient pressure
BSCCO and the proposed strain induced crossover proposed to exist in LBCO [159].
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Figure 25. T, pressure dependence of Bi,Sr,Ca,_1Cu,0442n15 (BSCCO, n = 1,2,3). Data are presented
for optimally doped Bi-2223 [14] (red), optimally doped Bi-2212 [35,268] (green), overdoped Bi-2212
[37,268] (blue), underdoped Bi-2212 [268] (yellow), and underdoped Bi-2201 [35] (cyan). Upon com-
pression all samples, irrespective of doping, experience a small rise in T.. T, is reported to reach a
maximum and then decrease, similar to other cuprates. Superconductivity was only reported to be
destroyed in overdoped Bi-2212 by Matsumoto et al. [37] when compressed in a cubic boron
nitride pressure transmitting medium. At higher pressures, T. has been reported to increase once
again in optimally doped Bi-2212 and Bi-2223, and in underdoped Bi-2201.

However, no step like feature was observed in the resistivity of BSCCO at ambient
pressure. This upper T.,p value does not appear to coincide with any susceptibility
signal Figure 24. Huang et al. [282] reported a similar step-like feature in the resistivity
of Fe-doped LSCO, which they attributed to pair density wave (PDW) order. This common-
ality might imply that pressure can alter the interplay between the CDW and SDW order
and therefore create/destroy PDW order. Additional measurements are needed to deter-
mine the nature of this feature.

5.2. Pressure-driven effects of T. in BSCCO

We now discuss the unusual pressure dependence of T, in BSCCO in more detail. At a criti-
cal pressure, the pressure response of T, in the bismuth-based cuprates departs from that
expected from the critical temperature versus pressure dome and T, begins to rise once
again. All T, versus pressure data for members of the BSCCO family under pressure is pre-
sented in Figure 25, Data from Bi-2201 and Bi-2212 by Deng et al. [35] and Bi-2223 by
Chen et al. [14]. We are not aware of any transport data on the n=4 compound under
pressure.
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The reported critical temperature as a function of pressure for Bi-2201, Bi-2212, and Bi-
2223 are presented in Figure 25. In underdoped Bi-2201 T, was observed to rise and then
fall upon compression, tracing out the superconducting dome. Beginning at 40 GPa, the
rise in T, is observed with no saturation to at least 50 GPa, the pressure limit of the exper-
iment [35]. Studies of optimally doped Bi-2212 by Deng et al. [35] and Chen et al. [14]
report T. to slightly rise upon initial compression irrespective of doping level. The
doping-maximized T, then began to fall, tracking the superconducting dome. After
appearing to saturate from 20 GPa to 40 GPa, T, was then observed to rise once more
[35]. Additionally, one compression experiment for underdoped Bi-2212 reported by
Chen et al. [268] demonstrates T, increasing to a maximum and then falling. The result
suggests that the samples became effectively overdoped with pressure. All these
samples initially show a small enhancement in T, before pressure causes them to
behave similarly to overdoped samples and superconductivity is suppressed. Matsumoto
et al. [37] reported a compression experiment on single crystal Bi-2212 that showed a
destruction of superconductivity at 35 GPa. Unlike other electrical conductivity exper-
iments, cubic boron nitride was used as the pressure transmitting medium on single
crystal samples. The use of such a stiff pressure transmitting medium likely resulted in
strong shearing or destruction of the single crystal samples. In underdoped Bi-2223
Chen et al. [14] reported T, following the trend predicted by the PICT model for slightly
underdoped Bi-2223 until deviating from its dome like behavior at 22 GPa and rising until
the maximum pressure of the experiment [14].

Recently Zhou et al. [36] reported pressure-induced electronic phase transitions in Bi-
2201, Bi-2212, and Bi-2223 where the materials become insulating and superconductivity
is destroyed at a critical pressure. These observations are in contrast to the reports of
Deng et al. [35] and Chen et al. [14]. All experiments where superconductivity is reported
to be destroyed were carried out under non-hydrostatic conditions [37] or when using
pressure transmitting media known to develop non-hydrostatic stress under pressure
[36]. These results indicate that superconductivity in cuprates under pressure is strongly
dependent on the degree of hydrostaticity of the sample environment.

Chen et al. [14] proposed a pressure induced inner plane doping optimization mech-
anism to explain the rise in T, observed in the three layer Bi-2223. According to this charge
transfer model, the inner CuO, planes present in cuprates with more than two planes per
unit cell have 6 optimized with pressure. Since these inner planes are known to be less
doped than the planes adjacent to the charge reservoirs [283,284], pressure induced
doping would enhance T.. Auvray et al. [285] reported different pressure dependence
of the dopings in the inner and outer planes of the HgBCCO family, and it is expected
that a similar degree of charge imbalance between the inner and outer planes exists in
Bi-2223. This hypothesis would suggest a second maximum in the pressure dependence
of T, at more extreme pressures. As no second maximum has been observed to date, it is
unclear if this is a driving mechanism behind the second rise in T, in Bi-2223.

It appears as if inner plane optimization is not the only effect contributing to the rise in
Tc under pressure. Deng et al. [35] reported that T, of Bi-2201 and Bi-2212 to rise under
pressure, both being cuprates with no inequivalent inner plane. The results suggest
that there is some more fundamental mechanism common to cuprates (or at least the
members of the BSCCO family) behind the rise in T.. The number of layers does,
however, appear to be related to the critical pressure where T, begins to increase. The
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Figure 26. Left: a and c unit cell lattice parameters for Bi;Sr,CaCu,0g, 5. Olsen et al. [255] fit the data
to a tetragonal (/4/mmm) space group, whereas Gavari et al. [294] and Zhang et al. [293] used an
orthorhombic representation (Amaa). Zhang et al. [293] observed increases in the a(b) parameter
with pressure between 18 GPa and 25 GPa. Top: Unit cell volume of Bi-2212 as a function of pressure.
Olsen et al. [255] reported an anomaly at 38 GPa interpreted as a ‘possible planar collapse’ where the ¢
parameter suddenly shrinks. Zhang et al. [293] shows anomalies at 20 GPa related to the growth of the
a and b parameter. Bottom: Pressure dependence of the axial ratio (c/a) for Bi-2212 from Olsen et al.
[255], Zhang et al. [293], Gavarri et al. [294], and Zhou et al. [36]

pressure at which the increase becomes apparent is approximately 20 GPa lower in Bi-
2223 than in Bi-2201 and Bi-2212 (Figure 25).

To explain the rise in T, in the n = 1,2 compounds, Deng et al. [35] suggested a possible
Lifshitz transition similar to the change in Fermi surface topology observed through
doping [286,287]. As it is unlikely that this trend continues indefinitely, bringing these
cuprates to higher pressures in search of a saturation T, should help in the understanding
of these phenomenon.

5.3. Structural studies of Bi, Tl, and Hg based cuprates

Unlike other cuprates that undergo structural changes as a function of doping or pressure
[64,200,288], the three major stoichiometries of BSCCO are reported to maintain an
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Figure 27. Left: a and b parameters of Bi-2212 under pressure. Zhang et al. [293] observed growth in
both a and b. Zhou et al. [36] report a to shrink much more quickly upon the application of pressure
than b. Right: Orthorhombic distortion of the data from the left panel. Zhang et al. [293] reported the
distortion to remain constant up to 20 GPa where it then decreases and appears to vanish. Zhou et al.
[36] report the distortion to increase until possibly saturating at 20 GPa. Data from Gavarri et al. [294],
Zhang et al. [293], and Zhou et al. [36].

orthorhombic perovskite Amaa structure under pressure [289-291]. The unit cell is nearly
tetragonal (@ — b ~ 0.1 A) such that all three variants are typically described with an
14/mmm tetragonal structure.

Compression experiments were performed on Bi-2212 to 50 GPa by Olsen et al. [255]
who fit their data to a Murninghan equation of state [292]. Contradicting reports on
the lattice parameters of Bi-2212 have been reported above 15 GPa. Olsen et al. [255]
observed a ‘possible planar collapse’ at 40 GPa where the ¢ parameter dramatically
decreased. Deng et al. [35] pointed out that this structural anomaly coincided with
the anomalous rise in T, observed in transport measurements. Zhang et al. [293] reported
a stiffening in the a and b parameters of Bi-2212 at 15 GPa. Recently, Zhou et al. [36]
reported compression experiments on Bi-2212 that fit the Bi-2212 cell to an orthorhombic
Ammm space group and did not exhibit a saturation in the axial ratio or a stiffening in the
¢ parameter. All compression data is presented in Figure 26. Similar to compression data
for YBCO, Many of the experiments on BSCCO were performed in pressure transmitting
media known to develop non-hydrostatic stresses [235-237].

Common in most compression experiments on Bi-2212 is an increase in the bulk
modulus around 15 GPa. Below 22 GPa the extrapolated zero pressure bulk modulus is
in agreement with ambient pressure ultrasonic measurements [295]. At 22 GPa the
ratio appears to saturate with pressure as the c axis stiffens. At pressures above the afore-
mentioned ‘planar collapse’ reported by Olsen et al. [255] at 40 GPa the c/a ratio was
found to suddenly decrease and to saturate once again as pressure was further increased.

Although BSCCO compounds are nearly tetragonal, and commonly described with an /4/
mmm space group, differences in the a and b parameter have been reported in the litera-
ture, with several experiments fitting the Bi-2212 cell to an orthorhombic Amaa space
group and reporting a pressure dependent orthorhombic distortion (b — a) [36,293,294].
Experiments in which a significant orthorhombic distortion was observed were mostly in
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Figure 28. Correlation of pressure dependence of the critical temperature (red) and Raman frequency
dominated by motion of planar Cu (black) for BiSr,CaCu,0s, 5. The pressure derivative of the Raman
shift, dvc,/dP, deviates from linearity within the same pressure range over which T, begins to decrease
(red). A similar deviation from linearity was reported in Y-123 by Kakihana et al. [202] Data from Klotz
and Schilling [236].

pressure transmitting media known to be highly non-hydrostatic above several GPa
[36,237,293]. The pressure dependence of a, b and a — b are presented in Figure 27

5.4. Raman spectroscopy of Bi, Tl, and Hg based cuprates

As with most materials, many of the vibrational Raman peaks observed in the Bi, Tl, and
Hg based cuprates systemically broaden and shift to higher frequencies under pressure
[196]. A noticeable exception is the 470 cm™" mode associated with the ¢ axis vibration
of the O(3) site in Bi-2212 - corresponding to the vibration of the out of plane apical
oxygen - as observed by by Kendziora et al. [296] Osada et al. [133] reported that in over-
doped Bi-2212 this peak shifts to higher frequencies under pressure, while in underdoped
samples The O(3) peak does not appear to shift at all up to at least 18 GPa.

Feiner et al. [297] and Zhou et al. [298] have proposed that the weakly bonded apical
oxygen present in many cuprates might have a significant influence on the charge carrier
density of the CuO, planes. The weak pressure dependence of the vibrational mode
associated with the apical oxygen [O(3)] might be indicative of slow pressure induced
oxygen ordering above T, similar to what was observed by Sadewasser et al. in Y-123
[172] and in Hg-1201 [257] where the temperature at which the pressure was changed
- and vice versa - drastically altered the values of T, the sample exhibited. In addition
to the unusual behavior of the O(3) mode, Osada et al. [133] observed a correlation
between the pressure dependence of T, and the frequency of the Raman mode associ-
ated with the planar Cu in overdoped Bi-2212. This correlation was proposed to be
related to pressure-induced charge redistribution i.e. pressure-induced doping. The
pressure dependence of the frequency of the Cu mode (observed at 140 cm™' at
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Figure 29. Polarized Raman spectra plotted in terms of relative scattering cross section at selected
pressures for HgBa,Ca,Cu30s5 (Hg-1223, Left) and HgBa,Cu;0445 (Hg-1201, Right). Under pressure
the B,4 spectra lack pronounced features as expected from the nodal region of the Fermi surface [299].
The By4 spectra shows a shift in the broad feature associated with electronic excitations to lower press-
ures, with the feature appearing to split at higher pressures in Hg-1223 (arrows in panel a). This split
has been interpreted as pressure induced doping preferentially altering the outer CuO, planes, result-

ing in a less doped inner plane and the coexistence of two superconducting gaps. Figure reproduced
from Auvray et al. [285] with permission.

ambient pressure) was reported to deviate from linearity around 2 GPa, which is close to
the pressure at which T, begins to drop Figure 28.

Electronic Raman scattering - the light scattering off of electronic excitations — has
been extensively used to characterize the properties of cuprate superconductors (see
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Klein et al. [299] for a general review of electronic Raman scattering applied to supercon-
ductors). Features diagnostic of the superconducting gap and the pseudogap have been
reported in electronic Raman measurements; specifically through reports of a depletion in
signal from the lower energy background and a shift of spectral weight to higher wave-
numbers [296,300-302]. The reduction in the electronic background is most clearly
observed in the cross polarized spectrum, where a new peak emerges around 400
cm~’, indicating some degree of electron-phonon coupling.

Early Raman measurements of the electronic measurements of cuprates, such as those
by Lyons et al. [303] and Hackl et al. [304] suggested a degree of gap anisotropy not
present in the s-wave superconductors. Devereaux et al. [305,306] elaborated on this
observation, demonstrating how electronic Raman scattering can be a powerful tool
for constraining the electronic structure of cuprates. With this technique, different
regions of the Brillouin zone are probed by different polarizations of light, e.g. with By,
and B,, polarizations probing the antinodal and nodal regions of the Fermi surface
respectively. This opening of the gap is most prominent in the B;; symmetry and
hardly visible in the B,g, as expected for a d-wave gap which is maximal at the antinodal
region and minimal at the Fermi surface nodal region [67].

High pressure Raman scattering has been used to measure a pressure induced doping
of the CuO; planes. Under pressure, a shift in spectral weight analogous to the change
observed upon an increase in doping was observed in Hg-1201 and Hg-1223 by Auvray
et al. [285], and a novel Bi; 9gSr;.06Y0.68CuU20g. 5 cuprate by Cuk et al. [307] The evolution
of this gap-like feature under pressure has been correlated with the degree of charge
transfer into the CuO; planes, which in turn is heavily influenced by the compressibility

10° 3
YBaZCu307_y g y-01
3
Tetragonal 30

102 4 y~10 Q ’?‘%

Ly E 2 y~05 \d
g 1
-~ L J 2
(0] %
2.1
? 1d ; Laser Ablation
g Sputtering
a L
©
S ~o ]
€ 10 Thermal —_ o ’
o ] ~
CS\‘ 1Y,BaCuO; ‘Electron Beam/
/| Thermal
1074 % \ ¥
CaCuO, \
+
1 Cu0O -
102 T Kt

¥ T " T ¥ T X T . T
900 800 700 600 500 400
Temperature (°C)

Figure 30. Oxygen partial pressure versus temperature for different structures of YBCO reported by
Hammond and Bormann [310]. y indicates the oxygen content (YBa,Cu30;_,). Diagonal lines are
phase boundaries. From left to right the presented phases are, precursor materials, non-superconduct-
ing tetragonal phase, oxygenated orthorhombic superconducting phase (Y-123, T, ~ 50K), and a
second orthorhombic superconducting phase (Y-124, T. ~ 94K). Colored ovals indicate stable
phase formation for the specified technique. Figure adapted from Hammond and Bormann [310].
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of the material [308]. Auvray et al. [285] also reported differences in the electronic Raman
response of the one- and three-layer mercury cuprates on compression. While the fea-
tures associated with the electronic background associated with pair-breaking energy
shifts to lower energies in Hg-1201, the feature broadens significantly and appears to
split in Hg-1223 as presented in Figure 29. The breadth of this feature has been inter-
preted as arising from a lower doping of the inner plane under pressure in Hg-1223,
causing two superconducting gaps to coexist; i.e. the inner and outer planes exhibit
gaps corresponding to different hole doping levels.

6. Synthesis of cuprates under pressure

In addition to the use of pressure to explore and understand the physical properties of
the cuprates, pressure has been used to synthesize the common cuprate families dis-
cussed above [309]. Moreover, high pressure synthesis has been used to create
altogether new superconducting cuprates as discussed in the next section. Soon after
the discovery of YBCO, Hammond and Bormann [310,311] showed that adjusting the
oxygen partial pressure during synthesis can be used to control which structure
forms as well as tune the doping level in the oxygen-doped materials. Stability fields
for different phases can thus be mapped as a function of temperature and oxygen
partial pressure. Phase boundaries for Y-123 as a function of synthesis conditions are

AuBay(Ca, Y)Cu,Oo, 3

O Au
O Ba
O Ca
O Cu

Au— 1212

Figure 31. Unit cell of AuBa,(Ca, Y)Cu,0,,43 for n =1 (Au-1212) and n = 2 (Au-1223). All members of
the Au-bearing cuprates are described with an orthorhombic (Pmmm) space group and have struc-
tures similar to YBCO, but with up to 40 % of the Cu replaced by Au. The ratio of gold to blue
spheres in above images represents the relative occupancy of Au/Cu at each site, with Au preferen-
tially replacing chain copper sites (up to 80% of chain sites can be occupied by Au in the Au-1223
structure). Au-1212 data (a=3.850 A, b=3.826 A, c=12.07 A) used to draw structure from Bordet
et al. [318] Au-1223 data (a=3.812 A, b=3.856 A, c = 15.44 A) from Kopnin et al. [321].
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Figure 32. Crystal structure of Ba,Ca,_1Cu,(0;1_,F,); for n =1-5. All structures are described by a
tetragonal (/4/mmm) space group. Fluorine dopants preferentially replace the apical oxygen sites
in order to increase hole doping. Similar to BSCCO, unit cells are offset in the c direction, allowing
an easy cleavage plane along the Ba layer for surface sensitive probes. Structural data from lyo
et al. [322] for F-0212 (a=3.89 A, ¢=20.9 A), F-0223 (a=3.86 A, c=27.5 A), F-0234 (a=3.86 A, ¢
=338 A), and F-0245 (a=3.86 A, c=402 A).

shown in Figure 30. Elevated oxygen pressures are required for Y-124 [312] and Y-247
[166] to form.

High oxygen partial pressures are needed to grow cuprates with more than three CuO,
layers per unit cell. Pressure is required for the samples to be adequately doped and there-
fore superconduct [312]. Schwer et al. [313] demonstrated that high inert gas partial
pressures are also needed for n>6 layered compounds ( e.g. Hg, ;5sRep 22Ba;CasCusOns
and Hg,_,Re,Ba;CagCu;O16.1ax+5), in order to stabilize the larger structures and prevent
decomposition into the n=1,2,3 members.

Capponi et al. [314,315] demonstrated that the mercury-bearing cuprates can be
doped by the use of high oxygen partial pressure during growth. As observed in the syn-
thesis of the n=5 and n=6 HgBCCO compounds (Hg-1245 and Hg-1256) elevated
oxygen partial pressure is required to stabilize the structures and ensure the doped super-
conducting phase forms. These studies indicated that without an oxygen partial pressure
of 500 — 1300 bar, the high n compounds are underdoped and contain appreciable
defects that inhibit superconductivity.

7. Novel structures

We now discuss novel superconducting cuprate systems that have been reported to be
synthesized only under pressure. These families include the gold-doped cuprates, the
fluorine bearing Ba,Ca,_1Cu,0,,(0, F),, the Ca;_xR,CuO, infinite layer materials, and
the Ba-Ca-Cu-O systems.
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7.1. Gold-doped cuprates

Analogous to the La — Y chemical pressure conjecture for LBCO, Bordet et al. [316] pro-
posed that replacing Hg with Au might raise T, of HgBCCO. The authors [316] reported
that these gold-bearing phases are isostructural with HgBCCO, and have up to 40% of
the Hg sites replaced by Au. Bordet et al. [316] synthesized these Au/Hg cuprates using
a belt-type apparatus at pressures up to 1.8 GPa and temperatures of 600-900 °C .
These materials had slightly smaller lattice parameters than HgBCCO, a(b) and ¢ shrink
by approximately 0.004 A and 0.044 A respectively. The critical temperature was observed
to be slightly lower than optimally doped HgBCCO, suggesting these samples were effec-
tively overdoped by the ‘chemical pressure’ from the Au substitution.

Bordet et al. [317] used high pressure synthesis to create an entirely new family of gold-
bearing cuprates with the nominal formula AuBa;(Ca, Y),_1Cu,0,,,3 abbreviated as Au-
12 (n — 1)n with n=1,2,3,4 reported to be synthesized. These gold bearing compounds
have a structure similar to YBCO, but with gold partially substituting up to 80% of the
chain copper sites. The unit cells of Au-1212 and Au-1223 are presented in Figure 31.
All compounds of the gold-doped family require synthesis pressures greater than 6 GPa
and temperatures above 1000 °C to form. Structurally, these phases are characterized
by long range zig-zag units formed within the Cu-O/Au-O chains [318]. This pattern is a
result of the Au-O bonds being slightly longer than the Cu-O bonds. The consequence
of these structural features on the electronic properties of the gold bearing cuprates
has not been explained. The onset of superconductivity for optimally doped gold-
bearing cuprates was observed to be 19K in Au-1201, 82K in Au-1212, 30K in Au
1223, and 99 K in Au-1234 [317-320]. Kopnin et al. [321] suggested that the decrease in
T, for Au-1223 is likely due to an increased gold concentration within the CuO, planes
as opposed to the chains.

7.2. Fluorine-bearing cuprates

lyo et al. [322] reported a series of HTS cuprates with the formula Ba,Ca,—_1Cu,(Oq_,Fy); (
n =2-5, Figure 32), that can be grown under high P-T conditions. These materials are
doped via the replacement of the apical oxygen sites with fluorine and have optimally
doped T, values ranging from 90 - 120 K [322-324]. The fluorine doped materials are
unique in the fact that they contain no rare earth elements to stabilize the structure
and that, once synthesized, are relatively defect free, even for the n > 3 compositions
[322].

Figure 33. Crystal structure of the superconducting phase of Sr; g3Cag 17CugO1q in an [4/mmm rep-
resentation. Unlike other superconducting cuprates, these infinite layer compounds consist of
layers of CuO, with only a single layer of atoms between them. CuO, planes are not composed of
checkerboard patterns like other cuprates, but instead form ribbon like structures with CuO, blocks
running along the a axis. Doping is controlled by Ca substitution into the Sr sites. Unit cell parameters
(@=3.930 A, b=19.39 A, c=3.4358 A) from Schwer et al. [332].
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Figure 34. Left: Proposed crystal structure of (Ca, Cu, H, CO,),Ba,Ca,Cus30g.+s showing C and O inter-
calated between the BaO charge reservoir planes. The fraction of each sphere that is filled corresponds
to the approximate occupancy of that site in the proposed structure. Right: Proposed structure of
(Ca, Cu, H, Co,),BayCaCu30g, 5 showing H and O intercalated between the charge reservoir layers.
Structural parameters (a = 3.848 A, c=33.98 A) from Hosomi et al. [339].

All compounds of this family require high synthesis pressures typically applied using a
cubic anvil press. Shirage et al. [325,326] reported requiring 5 GPa to synthesize the n=2
compound and lyo et al. [323,324] required a pressure of 4.5 GPa to form the n =3-5 com-
pounds. The pressure dependence on T, after synthesis has not been reported. The stab-
ility and purity of the n>3 compounds after synthesis allows for probes into the undoped
central CuO, planes. NMR studies by Shimizu et al. [284,327-329] indicated that the
central planes in the n= 3 - 5 members are protected from the doping effects
induced by the charge reservoir layers. This protection allows for superconductivity to
occur in the more doped outer planes while the AFM Mott insulating properties of the
parent compound dominate the undoped central planes. An ARPES study by Kunisada
et al. [278] supported the proposed phase coexistence. Electron-like pockets present in
the Fermi surface were attributed to the strongly correlated AFM phase in the central



HIGH PRESSURE RESEARCH 43

plane of the structure. Mukuda et al. [283] elaborated further on this co-existence and
how it may provide insight to the cuprate pairing mechanism.

7.3. Infinite layer structures

Several infinite layer structures consisting of parallel copper oxide planes can be synthesized
under pressure [320], many of which are superconducting, with the general formula
Srp_1-xMxCup102, (n=1,3,5); M=Nd [330], La [331], Ca [320,332,333] ( Figure 33). These
structures are unlike other cuprates in that the charge reservoir layer is a single layer of
atoms instead of the usual rock-salt like structure as exhibited in the cuprates described
above. All members of the infinite layer group seem to have an optimally doped T, of
about 40 K [330]. Instead of n corresponding to the number of layers per unit cell, it describes
the number of ribbon like structures in the CuO, plane. Unlike many of the other cuprates
discussed in this review, the infinite layer compounds are electron-doped as opposed to
hole-doped [334]. Smith et al. [335] reported the synthesis of the n=1 Nd doped infinite
layer cuprate at 2.5 GPa using a belt-type apparatus. Kazakov et al. [330] describe the syn-
thesis of the n=3,5 compounds requiring significantly higher pressures to form (5-8 GPa).
Er et al. [331] reported the n=1 La doped system requiring 4 GPa to form .

7.4. Ba-Ca-Cu-0O systems

High pressures have been used in the synthesis of various Ba-Ca-Cu-O superconducting
cuprates. Chu et al. [336] reported the formation of Ca and Cu doped Ba,Ca,_;Cu,Oy
[abbreviated 02 (n — 1)n-Ba] with a T. of 126 K, the highest reported T, in a cuprate
without a volatile toxic element. The n = 3,4 compounds were formed at 5-6 GPa in a mul-
tianvil device [337], and were found to have a tetragonal /4 symmetry [338]. The structures
of the 02 (n — 1)n-Ba compounds are unusual among the hole doped cuprates in that the
charge reservoir blocks are comparatively simple, consisting of only tetragonal BaO sub-
structures. The intercalation of Ca and Cu in between the charge reservoir layers allows for
the doping of the CuO, planes. These 02 (n — 1)n-Ba are unstable in air, with the relatively
open charge reservoir layer readily accepting OH~ and CO?~ ions into the structure. This
reaction reduces T, from 126 K to 90 K as the more stable lower T, phase forms [336,339].
Structures of the lower T, phase for the n =3 compound [(Ca, Cu, H, Co,),Ba;Ca;Cuz0g 5]
with the positions of the possible OH~ and CO?~ contaminants in the charge reservoir
layers, are presented in Figure 34.

Wu et al. [340] reported the synthesis of a related superconducting cuprate with
formula CaBa;Ca;Cuz0q_s [abbreviated Ca-12 (n — 1)n-Ba] with a T, of 107 K. The Ca-12
(n — 1)n-Ba compounds are structurally similar to the Tl-doped cuprates and were syn-
thesized at 6 GPa in a similar multianvil setup to that used in the synthesis of 02
(n — 1)n-Ba . The Ca-12 (n — 1)n-Ba are reported to be stable in ambient conditions and
do not readily absorb OH~ and CO*~ from air.

8. Electron-doped cuprates

Electron-doped cuprates exhibit pressure-induced effects on superconductivity similar to
those found for the hole-doped cuprates. Electron doped cuprates typically have smaller



44 (&) A.C.MARKETAL.

Temperature

0.3

Generalized Phase Diagram
Ln, ,Ce,CuO,

Strange Metal

Pseudoga&c*,

Antiferromagnetic

0.0

Figure 35. Generalized phase diagram for the electron doped cuprates at ambient pressure, showing
a significantly larger region of stability for the Antiferromagnetic phase, along with a much smaller

superconducting phase. Phase boundaries adapted from [106,345,346].

Nds_Ce,CuOy

Figure 36. Crystal structure of electron doped Nd,_,Ce,CuO, in the superconducting T' phase, pre-
sented in an /4/mmm representation. Charge carrier doping is controlled by Ce substitution into the
Nd sites. Unit cell parameters (a = 3.942 A, c=12.06 A) from Paulus et al. [347].

T/s and significantly stronger antiferromagnetic effects than hole-doped cuprates
[341,342]. A generalized phase diagram for the electron-doped cuprates is presented in
Figure 35 showing a significantly larger region of stability for the antiferromagnetic
phase and a smaller superconducting dome which is truncated by the AFM phase
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boundary. A pseudogap has also been observed in electron-doped cuprates, but it
occupies a much smaller region of phase space compared to the pseudogap present in
hole-doped cuprates [343,344]. Electron doped cuprates have been studied less than
their hole doped counterparts, although many reports of pressure effects on
Ln,_4CeyCuOy4 (Ln = Nd, Sm, Eu, Pr) have been reported and are discussed below. Struc-
ture of the Nd doped material is presented in Figure 36

As for the hole doped cuprates, the concept of ‘chemical pressure’ has been used to
categorize these materials. Several groups [348-350] have used the concept of chemi-
cal pressure in studies of Ln,_,Ce,CuQy4, generated by replacing the Ln with the smaller
Sm and Eu to suppress T.. Tsukada et al. [351] argued that the T.-doping diagram in the
electron-doped cuprates is highly susceptible Ln*3 species, and have related this to a
chemical pressure similar to what has been discussed above; i.e. similar to the replace-
ment of Ba — Sr in the LBCO/LSCO hole doped cuprates [114]. In general, chemical
pressure can be viewed as shrinking the area of phase space occupied by the super-
conducting dome and extending the antiferromagnetic phase to higher dopings
[346,351-353].

The superconducting phase of many of the electron-doped cuprates exist in an
ABY0, type solid solution. Chen and Eichhorn [354] examined the pressure response
of the A’Z’B’VO4 solid solutions and found the compounds to undergo structural phase
transitions under pressure. AgB’VO4 type materials adopt a tetragonal K;NiF,; type
lattice (T-phase), an orthorhombic distorted K;NiF; type lattice (O-phase), and an
Nd,CuO, type lattice (T'-phase) [355]. In the electron-doped cuprates, the T’ phase has
been reported to exhibit HTS [351]. Wilhelm et al. [355,356] reported a structural study
of the un-doped parent Nd,CuO, compound under pressure, where the T' phase was
destroyed at 21.5 GPa and the sample formed the T phase. Upon release of pressure
the sample gradually distorted into the O phase. At 10 GPa the sample adopted the T’
phase once again. Wilhelm et al. [356] reported similar transitions from T’ to a T/O
phase (a T phase with an orthorhombic distortion) in the doped superconducting cup-
rates, with La,_,Nd,CuO, undergoing a reversible pressure-induced T' — T transition
between 4.4 GPa for x=0.6 up to ~14 GPa for x=0.855 . Similar reversible transitions
that appears to restore superconductivity in the T' phase upon the release of pressure
have been found in Nd,_,Ce,CuO4 [357,358], and Pr,_,Ce,CuO, [359].

The effect of pressure on T, has been reported for the electron doped cuprates. Markert
et al. [349] measured T, in L,_xM,CuO4_, (L =Pr, Nd, Sm, Eu; M = Ce,Th) and measured the
initial value of dT./dP to be negative up to ~0.2 GPa, in contrast to the positive value
observed in the hole doped cuprates. Beille et al. [360] later observed this trend to con-
tinue up to at least 1 GPa, with nearly all T, - pressure relations being of a similar magni-
tude to the hole doped cuprates, but opposite in sign. Beille et al. [360] also pointed out
that the volume dependence on T, (d7./dV) is at least an order of magnitude larger than
that observed when changing the volume through a chemical pressure induced by
isotope replacement [349]. This result suggests that chemical pressure and the appli-
cation of pressure are not entirely equivalent in electron-doped as well as other cuprates.
Murayama et al. [361] noted that many of the the electron-doped cuprates do not have an
apical oxygen interacting with the CuO, planes, creating a significantly different elec-
tronic environment around the planes and inhibiting charge transfer upon atom
replacement.
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Figure 37. Pressure effect on the generalized superconducting dome for superconducting cuprates
under pressure. As pressure is increased from ambient (Py, black) to Py (red) and then P, (green),
the optimal doping level of 8, ~ 0.16 found for most cuprates at ambient pressure tends to
move to lower values, and T, first increases (red) and then decreases (green) on compression.
Based on data from Doiron et al. [149], Rullier et al. [64], and Vovk and Solovjov [219,353].

Rotundu et al. [359] extend measurements of T. to higher pressures, reporting the
pressure dependence of T, in single-crystal Pr,_,Ce,CuQ,4. Optimally doped ( x=0.15,
T =21K) and over doped ( x=0.17 , T, = 15 K) electron-doped cuprates were measured
up to 32 GPa. The optimally doped samples exhibited the T'— T structural phase transition
at 2.7 GPa where the majority of the sample formed the insulating T phase and T, was sup-
pressed from 22 K to 18.5 K. Superconductivity was reported to be completely destroyed
in the optimally doped cuprates at 34 GPa. The overdoped sample, however, did not
exhibit any noticeable pressure-induced effects on superconductivity, T, was relatively
constant up to 32 GPa. Murayama et al. [361] also reported T, to be constant up to 2.5
GPa in electron-doped Nd; g5Ceg.15CuO,_s.

9. Concluding remarks

We close with some general observations on the effect of pressure on HTS in cuprates.
Pressure will likely continue to be, useful in elucidating the complex and intriguing
physics found in the cuprates. Compression data obtained to date indicate that the
effects of pressure on T, has close parallels to those of oxygen doping. Measurements
show T¢ rising and then falling with increasing pressure, similar to the superconduct-
ing dome observed at ambient pressure with variable doping. Common trends in the
pressure dependence of T, along with supporting data from transport [18,130], mag-
netization [14,131], Raman [132,133], NMR [134], and other measurements suggest
pressure and doping alter the same physical parameter: the charge carrier concen-
tration in the CuO, planes. Consequently, high pressure measurements provide a
unique method to tune ny in situ. In the absence of structural or electronic transitions,
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pressure induces doping, resulting in a deformed version of the ambient pressure
doping-temperature phase diagram Figure 37. The optimal doping level &,, continu-
ously decreases with pressure, while T ..., rises and then falls [10,14,18-20,23,25-
33,35,38-44] An apparent universality in the pressure response of T, despite existence
of multiple competing phases provides evidence that superconductivity in nearly all
cuprate superconductors has a common origin, presumably in the CuO, planes.
The Bi-based cuprates exhibit unexplained superconducting phenomena above a criti-
cal pressure, with T, rising with no saturation observed to date [14,35]. It is unclear if
the second enhancement of T, under pressure is doping related or due to a Lifshitz
transition that would alter its electronic structure [35]. To address this issue, additional
measurements are needed above the current maximum reported pressures of 55 GPa
[35].

Unlike T, the pressure dependence of the pseudogap onset temperature (T*) does not
appear to be influenced by pressure-induced doping and, in the absence of magnetic
dopants such as Pr [220,227,232], T* is mostly unchanged upon compression. The
major pressure-induced effect is on the critical doping level at which the pseudogap dis-
appears. Under pressure the critical doping shifts to lower doping levels as it approaches
the superconducting dome [149,171,212,220,227,232]. The critical doping level coincides
with a change in Fermi surface topology where a transition from hole-like — electron-like
behavior is observed [156,157]. The structure of the Fermi surface in relation to the pseu-
dogap as elucidated through high pressure experiments [149,157] may provide insight
into the origin of the unexplained phenomena [362].

With recent experimental advances, critical temperatures, crystal structures, and
phase transitions have been determined in quasi-hydrostatic experiments above 200
GPa in other materials exhibiting HTS; e.g. in the hydride superconductors [363-367].
There is an opportunity to extend techniques to cuprates at comparable pressures.
The use of pressure transmitting media that remain quasi-hydrostatic to much higher
pressures will allow for more accurate probes of superconductivity at these pressures
[235-237] Such advances have allowed for more precise x-ray based probes into the
d-wave nature of the superconducting gap [368], local fluctuations associated with
charge order [369], and time resolved x-ray techniques that probe the charge-
ordered dynamics of the CuO, planes [101,370,371]. With the development of more bril-
liant and coherent x-ray sources at new and upgraded synchrotron sources [372] more
precise probes into local charge dynamics and structural parameters will be possible. In
addition to x-ray based techniques, IR synchrotron spectroscopy provides the opportu-
nity to probe the phenomenology and dynamics of the superconducting gap and pseu-
dogap under pressure [373,374]. The use of pressure as a tuning parameter to adjust the
hole concentration in-situ promises to provide data that will allow not only improved
understanding of the mechanism of cuprate HTS leading to, broader practical appli-
cations of superconducting cuprates with the possibility of retaining the high-T,
phases at ambient pressures.
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