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Structure-compressibility relationships in layered cuprate materials
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High-resolution synchrotron x-ray powder-diffraction experiments have been undertaken on the related
series of layered cuprates of chemical formula HgB#O,. s, HgyCry BaCuO,, s, SLCUG,CO;,
NbSKLEUCYO0g, GaSeYCu,0,, and PBSr,YCuz0g, s to applied pressures of 6.05, 7.64, 5.56, 4.47, 6.00, and
6.03 GPa, respectively. No discernible structural phase transitions were observed over these pressure ranges.
The data have been analyzed using the Murnaghan formula to derive compressibilities and bulk moduli. The
ambient pressure bulk moduli for the various cuprates a(@)684(2), 62(2), 1204), 853), and 1294) GPa,
respectively. In all cases the compressibility is the highest in the direction perpendicular to the cuprate layers
(out-of-plane and very anisotropic, with ratios for the out-of-plane to the in-plane compressibilities of 1.38,
1.25, 1.97, 1.45, 1.37 and 3.31, respectively. These variations are discussed in light of the crystal chemistry of
these systems, and the observed trends should be helpful in tailoring the response of layered cuprates to applied
hydrostatic pressure.
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[. INTRODUCTION substitution are, therefore, often difficilf not impossible
to deconvolute from the effects of induced structural distor-

The study of crystal structure-property relationships intions. In contrast, the effect of applied hydrostatic pressure is
layered cuprate superconductors is essential, since an und@nly to compress interatomic separations and, consequently,
standing of the relationship between the electronic propertieghanges in physical properties may be correlatéectly
and crystal chemistry of these materials may guide futuréVith changes in interatomic bond lengths and bond angles.
efforts toward the design and synthesis of cuprate materiafgtudies of cuprate superconductors under high pressure,
with yet higher superconducting transition temperatures ofherefore, fulfil a unique role in furthering our understanding
improved properties. It is well known that the superconductOf these chemically and physically complex compounds, as
ing properties of cuprate materials may be precisely conteviewed by Wijngaarden and Griesserchilling and
trolled by judicious manipulation of chemical stoichiometry. Klotz,* Takahashi and Mofi,and Yamauchi and Karppinén.
Indeed, it was exactly this strategy that allowed Bednorz and Hazen and Finger suggest that the compressibility of a
Miiller to induce high-temperature superconductivity belowSolid material may be understood to be “a function of poly-
30 K in the antiferromagnetic insulator 4@u0,, by partial  hedral linkages and polyhedral bulk modulith accordance
substitution of La by Bd.Shortly after this discovery, Chu With this principle, the purpose of the present study was to
et al.reported the observation of superconductivity above 4cestablish the key structural features important in govern-
K in La; gBay 1:CUO,, by compressing this material, with a N9 the compressibility of six layered copper oxide
T, of 36 K at ambient pressure, to 1.3 GPahis impressive Materials, namely, HGB&uQ,, 5, Hgo sCrloBaCuGy. 5,
enhancement off, under pressure inspired Chu and co- SRCUQ,CO;,  NbSLEUCWKOg,  GaSpYCu,O;,  and
workers to speculate that “superconductivity at temperature§%SRYCusOg. 5. The structures of these materials are il-
greatly exceeding 40 K is achievable in,LaBa,Cu0, and Iqstratgd schemaucally in Fig. 1. ng.h—pressure powde_r X-ray
related systems through fine tuning of the sample parametepgffractlon studies were undertaken in order to deterrr_nne the
through physical and chemical mearfsStimulated by the —accurate compressibility parameters for these materials.
work of Bednorz and Miler, and Chu and co-workers, the ~ The crystal structure of HGBEUO,, 5, Fig. 1(a), is te-
search for cuprate superconductors with improved supercoritagonal(space grouf4/mmnj with unit-cell parameters of
ducting properties has thus followed a dual strategy of cona=3.87766(4) A andt=9.5073(1) A at ambient pressiite.
trolling superconductivity through both methods of careful Partial random substitution of linear HGO dumbbells in
chemical substitution and application of high-pressure. this compound by tetrahedral CiO species affords the re-

With the aim of discovering high-temperature supercondated compound HgCr, ,Ba,CuO, . s, Fig. 1(b). The struc-
ductors with increased transition temperatures, high-pressutare remains tetragonal, with unit-cell parameters ef
investigations have a significant advantage over methods 6£3.9112(1) A andc=9.3458(3) A at ambient pressute.
chemical substitution. In general, subtle and complex strucAlthough several groups have investigated pressure-induced
tural distortions may arise in a material of interest as a resulstructural changes in HgB@uQ,, s, published estimates of
of heterovalent or aliovalent chemical substitution. The rethe compressibility parameters of this compound differ
sultant changes in physical properties induced by chemicakidely, as discussed later. Thus, it was the first aim of the
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present study to establish accurate compressibility paramand c=14.4993(1) A at ambient pressufeThe compress-
eters for HgBaCuQy, 5 and to assess the effect on these ofibility of Sr,CuQ,CO; was studied in order to compare it to
partial substitution of chromium for mercury. The crystal that of HgBaCuQ,, 5, and assess the effect of complete
structure of SSCuG,CO;,, Fig. 1(c), is clearly related to that  substitution of triangular C& units for linear Hg@ ™ units.

of HgB&CuQ,. 5 and consists of infinite layers of corner-  The crystal structure of NbSEUCWOg, Fig. 1(d), may be
sharing CuQ@ octahedra, connected by §O carbonate considered as being composed of alternating oxygen-
units. This compound was first reported by Antipov anddeficient perovskite-type (CufXEu)(CuQ) layers and
co-workers'® and then the details of its crystal structure wereperovskite-type (SrO)(NbQ(SrO) layers. This compound,
given by Miyazakiet al** SL,CuO,CO; crystallizes in the first reported by Greaves and Slater, crystallizes in the space
space groud4, with unit-cell parametera=7.805(1) A  group P4/mmm with unit-cell parametera=3.8733(1) A
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and c=11.6322(4) A, at ambient pressufeThe crystal sion mode with a primary beam G220 monochromator
structure of GaSKCu,O; is closely related to that of (affording CuK,, radiation and a position sensitive detec-
NbSLEUCWKOg, and may be considered as being com-tor.
posed of alternating oxygen-deficient perovskite-type Samples of HgBgCuO,, s and Hg Cry BaCuQ,, 5
(CuG,)(Y)(Cu0,) layers and oxygen-deficient perovskite were prepared, via a solid-state reaction, from stoichiometric
type (SrO)(GaO(SrO) layers, as shown in Fig.(8).1® The  quantities of HgO, GiO;, and BaCuO;, ;5 according to the
oxygen vacancies in théSrO)(GaO(SrO) perovskite-type procedure described by Hyatet all® Specimens of
unit are ordered such that one-sixth of the anions normallysr,CuO,CO; were prepared from stoichiometric amounts of
present in théd BO; perovskite structurévhereArepresents SrCO; and CuO, according to the method of Miyazaki
a large 12-co-ordinate cation aldrepresents a small 6-co- et al!* Samples of NbSEuCwOg and GaSyYCu,0, were
ordinate catiop are removed from alternafd10] rows of  prepared from stoichiometric amounts of )3, Ga0s,
eachBO, plane. A small shift of thdB cations in the anion- Eu,03;, Y,03, SrCQ;, and CuO. These reagents were inti-
deficient layers allows these iori&a to adopt tetrahedral mately mixed, heated to 1000°C for 12 h under flowing
co-ordination. The ordered nature of the oxygen vacanciesxygen gas, and furnace-cooled to room temperature. The
and shift of the gallium cations, in the anion-deficient perov-product from this initial reaction step was thoroughly
skite layer, results in an orthorhombic structure with unit-cellground, heated to 1050 °C for 20 hr under flowing oxygen
parameters related to the cubic perovskite unit-cellgas, and furnace cooled to room temperature. This process
parameter,a,, by a~\/§ap, b~ \/fap, and c~4a,. was repeated several times until essentially single-phase
GaSkYCu,O, was first reported by Rotht al.*®> and crys- materials were obtained. The preparation of samples of
tallizes in the space grouima2, with unit-cell parameters Pb,Sr,YCu;Og. 5 (6~0) was achieved by a different pro-
a=22.801(5) Ab=5.4819(1) A, andt=5.3936(1) A, at cedure, in which stoichiometric quantities of PbO, $rO
ambient pressurénote that the Cu@ sheets are co-planar Y,0;, and CuO were intimately mixed, heated to 850 °C for
with theb, ¢ plane in this material High-pressure diffraction 6 h under a flowing atmosphere of nitroged9%) and oxy-
studies of NbSIEUCW,0O4 and GaSyYCu,O; were under- gen (1%) gases, and furnace cooled to room temperature.
taken in order to compare the compressibility of these tworhe product from this initial reaction step was thoroughly
compounds in the context of their close structural relation-ground, heated to 800°C for 12 h under a flowing atmo-
ship. sphere of nitrogeri99%) and oxygen(1%) gases, and fur-
The crystal structure of BBKLYCuzOg,s (6~0) nace cooled to room temperature. This process was repeated
may be considered as being composed of alterseveral times until an essentially single-phase material was
nating oxygen-deficient perovskite-type (CQQY)(CuO,) obtained.
layers and oxygen-deficient double rock-salt-type
(SrO)(PbO)(Cu@) (PbO)(SrO) layers, as shown schemati-
cally in Fig. 1(f). This compound was first reported by Cava
et al.and it crystallizes in the space gro@mmm with unit- High-pressure powder x-ray diffraction experiments were
cell parametersa=5.3933(1) A, b=5.4311(1) A, andc performed using a diamond anvil céDAC), at the second-
=15.7334(3) A, at ambient pressufeThe orthorhombic axis position of the three-axis diffractometer on the bending-
symmetry of PBSKr,YCu;0g, 5 arises from disorder in the magnet beam-line X7A, at the National Synchrotron Light
PbO layers as a result of the stereoactive lone pairs of th§ource, Brookhaven National Laboratory. The primary white
PE** ions, which cause static displacements of the neighborbeam from the bending magnet is focused in the horizontal
ing oxygen atoms in the basal planes of the Pp@amids.  plane by a triangular, asymmetrically cut @20 monochro-
The crystal structure of BBLYCu;Og. 5 thus contains infi- Mator, similar to that described by Lemmongral,'® which
nite CuQ sheets formed from corner-sharing Gu@yra-  is bent to cylindrical curvature by applying a load to the
mids and infinite PbO sheets formed from edge-sharingrystal tip, affording monochromatic radiation f0.7 A.
PbQ, pyramids. The in-plane compressibility of The detector is a gas-proportional position-sensitive detector
Ph,SK,YCus04. s might be expected to be rather small, (PSD, based on the design of Boat al!” with an active
due to cation-cation repulsions in the PbO-layers. To invesarea of 11 cn? operating in a gas mixture of 90% Kr and
tigate this hypothesis, a high-pressure diffraction study ofl0% CQ at 0.4 MPa. The detector is located -a##5 cm
Pk,Sr,YCu30g, 5 was undertaken. from the sample position at the second axis center, which
provides the optimum trade-off between resolution and in-
tensity. The PSD allows simultaneous collection of data over
[l. EXPERIMENT a 10° window of scattering angle, although in the present
study only the centrak-2° region was used to minimize
parallax errors. The PSD was stepped in 0.25° intervals over
Essentially single-phase samples of Hg8aO,. s, the desired angular rangéypically 2°-35° 29) with the
Hgo Cro,BaCuQ,, 5, SKLCuO,CO;, NbSLEUCWYOg, collected data frames normalized to the incident-beam inten-
GaSpYCu,0; and PhSr,YCu;04., s were prepared accord- sity and merged to give the final diffraction pattern. The
ing to the methods described below. The phase purity of eacvavelength of the incident beam,=0.68570(4) A, was
sample was assessed by laboratory powder x-ray diffractioaccurately determined from a sample of Ge@,
using a Siemens D5000 diffractometer operating in transmis=5.4113 A) spread on adhesive Kapton tape and located at

B. High-pressure x-ray diffraction studies

A. Sample preparation
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the second axis center. The wavelength and PSD parameteyfq, against pressure, using a Levenberg-Mardquart
(zero channel and degrees per chapmelre obtained from a  algorithm?* with each data point weighted by the square of
least-squares fit of the Bragg reflections of GeO the associated standard deviation.

Finely —powdered samples of HgBauQ,, s, In accordance with convention, the compressibility data
Hgo Cro.BaCuQ,, 5, SKLCuG,CO;, NbSLEUCWOg, reported for each of the compounds studied comprises the
GaSpYCu,0,, and PhSr,YCu;0g, s Were, in turn, loaded linear unit-cell compressibilitie¢denotedx,, «,, and«.),
into the DAC at ambient pressure and room temperature witthe volume compressibilitydenoted «y), and the bulk
a few small ruby chips. The DAC is based on a modifiedmodulus(denotedB,), together with the pressure derivatives
Merrill-Bassett design® and employs two opposed 0.32 of each of these quantities. As a consequence of their layered
carat diamonds, with 0.5 mm diameter culets, on tungstenaature, cuprate superconductors commonly show highly an-
carbide supports. The incident x-ray beam is admitted by &otropic compressibility, with the compressibility in the
0.5 mm diameter aperture, and the exit beam leaves via plane of the Cu@ sheets being much less than in the direc-
rectangular 0.53.0 mnt tapered slit, oriented perpendicu- tion perpendicular to the CuGheetgthe out-of-plane com-
lar to the horizontal plane of the diffractometer when thepressibility. A useful parameter for expressing this anisot-
DAC is in position. The sample chamber was provided by aopy is the ratio of the out-of-plane to in-plane
200 wm hole drilled in the center of a 30@m thick Inconel  compressibility, denoteg,., as given by
gasket, preindented to a thickness of 10@n. A mixture,

4:1 by volume, of methanol:ethanphhich is known to re- _ Kop

main hydrostatic to-10 GPa(Ref. 19] was used as a pres- YK_K_ip’ (4)
sure transmission medium. The applied hydrostatic pressure -

was measured by detecting the shift in & emission line Wherex,, denotes the out-of-plane compressibility aqg

of ruby chips, placed in the sample chamber, using standardenotes the in-plane compressibility. For tetragonal struc-
techniques? tures ki,=k,=ky, Whereas for orthorhombic structures

Reflection positions were determined from the diffraction <ip™~ % (ka+ k1), Wherea and b represent the unit-cell pa-
data by fitting pseudo-Voigt profiles to each reflectfon. rameters bounding the CyGheets. A related parameter is
These accurate reflection positions were then used in a leaghe ratio of the out-of-plane to average in-plane unit-cell pa-

squares procedure to obtain unit-cell parameters. rameter at ambient pressure
. c
C. Data analysis Mp=1 o (5)
At moderate pressures, the empirical Murnaghan equation 2(a+b)
of state(EOS, Eq. (1), may be employed to analyze experi-
mental compressibility dat®;?3 Ill. RESULTS AND DISCUSSION
! Powder x-ray diffraction patterns of HgBauQ,. s,

Y

I ) (1) HYsCroBaCUO,. 5,  SLCUO,CO3,  NbSHEUCUO,
do Kq, GaSkYCu,0,, and PBSr,YCuzOg, 5 were successfully ac-
quired between ambient pressure and 6.05, 7.64, 5.56, 4.47,
In Eq. (1), p denotes pressure represents the parameter 6.00, and 6.03 GPa, respectively, with no observed phase
under compressiotti.e., a unit-cell parameter or unit-cell transitions. Details of the refined unit-cell parameters are
volume), x4 denotes its compressibility, ancg denotes the listed in Tables I-VI. In all cases, the unit-cell parameters of
pressure dependence ®f. The subscript zero denotes the the samples were found to return to their ambient pressure
ambient pressure value of a given variable. The Murnaghawmalues following pressure release. For all of the materials,
EOS assumes that the modulus of a parameter, the inverse B§. (1) or (3) was used to derive the compressibility or bulk
its compressibility, has a linear pressure dependence. So, fanodulus values listed in Table VII, respectively. Plots of the
example, the isothermal bulk modulBsis defined at any data are presented in Figs. 2—7, with the smooth lines repre-
pressurep via senting the weighted nonlinear least-squares fit of the Mur-
naghan EOS to the data.

B=By+Bp, (2

A. Compressibility of HgBa,CuO,.. 5, Hgg ¢Cry Ba,CuO,4 5,

whereB, is the ambient pressure bulk modulus @l the
Sr,Cu0,CO;4

Bo

p_B(/)

associated pressure derivative. A specific form of the Mur-
naghan EOS based on the bulk modulus is The high-pressure behavior of Hgl2uO, . s has been
) previously reported by several groups, using a range of dif-
Vo) Bo fraction techniques. However, as shown in Table VIII, pub-
v/ 1 3) lished estimates of the compressibility of HgBaIO, , 5 ap-
pear to differ widely. The EOS parameters determined in this
whereV is the unit-cell volume at pressupeandVy is the  study are found to be in excellent agreement with those de-
unit-cell volume at ambient pressure. Equatighsand (3) termined by Eggeret al?® (within the estimated erroysin
were fitted to the experimental data in the form of plots ofcontrast, the EOS parameters of Kanal?® are observed to
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TABLE |. Refined unit-cell parameters and unit-cell volume of HgBaO,, 5 at various pressures.

PressurdGP3g a parameterA) ¢ parameterA) Volume (A%)
0.00 3.88517) 9.5262) 143.795)
0.231) 3.881717) 9.5102) 143.295)
1.041) 3.86687) 9.4642) 141.515)
1.941)2 3.85488) 9.4143) 139.896)
3.31(1) 3.87387) 9.3453) 137.646)
4.181)2 3.8261) 9.2954) 136.068)
4.491) 3.82329) 9.2713) 135.6@6)
5.041) @ 3.8192) 9.2733) 135.22)
6.051) @ 3.8103) 9.221) 133.92)

dData acquired in a second compression cycle.

TABLE II. Refined unit-cell parameters and unit-cell volume of |H0r, Ba,CuQ,., 5 at various pres-

sures.
PressurdGPa a parameterA) ¢ parametefA) Volume (A %)
0.00 3.90687) 9.333@2) 142.413)
2.331) 3.86677) 9.21711) 137.814)
3.391)2 3.8451) 9.1623) 135.455)
3.791) 3.8421) 9.1563) 135.137)
4.841) 3.8231) 9.1033) 133.047)
5.561) 2 3.8161) 9.0183) 132.247)
6.791) 2 3.801(1) 9.0493) 130.747)
7.641)2 3.7841) 8.9993) 128.727)

8Data acquired in a second compression cycle.

TABLE lll. Refined unit-cell parameters and unit-cell volume 0fGu0,CO; at various pressures.

PressurdGPa a parameterA) ¢ paramete(A) Volume (A3)
0.00 7.808) 14.997Q7) 914.298)
0.701) 7.7841) 14.9142) 903.11)
1.651) 7.7641) 14.8453) 894.92)
2.771) 7.7291) 14.7613) 881.92)
4.091) 7.7061) 14.6753) 871.42)
5.561) 7.6801) 14.5793) 859.92)

TABLE |IV. Refined unit-cell parameters and unit-cell volume of NfE2rCuy,Og at various pressures.

PressurdGPa a parameterA) c parametef(A) Volume (&%)
0.00 3.8741) 11.6322) 174.636)
0.91(1) 3.867%7) 11.60G2) 173.515)
2.061) 3.85624) 11.5511) 171.773)
3.201) 3.84786) 11.51G2) 170.415)
4.771) 3.83666) 11.4582) 168.685)
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TABLE V. Refined unit-cell parameters and unit-cell volume of Ga®&u,O, at various pressures.

PressurdGPa a parameterA) b parameterA) c parametefA) Volume (A%)
0.00 22.8087) 5.4841) 5.4041) 676.43)
0.851) 22.7247) 5.4681) 5.3901) 669.13)
2.421) 22.6047) 5.4411) 5.3631) 659.63)
3.631) 22.5327) 5.4231) 5.3431) 652.93)
5.021) 22.4638) 5.4032) 5.3242) 646.04)
6.00(1) 22.4218) 5.3912) 5.3082) 641.64)

differ significantly from those determined by us and also byHgBa,CuQ, . 5. Balagurovet al. studied the compressibility
Eggertet al. The energy-dispersive x-ray diffraction data of of underdoped and overdoped samples of HER&, , 5 to
both Eggeret al. and Kimet al. were acquired on beam-line .7 Gpa, by powder neutron diffractiéhThese authors also
X17 at the NSLS, BNL. Eggest al. used a weighted least- employ a least-squares fit of a linear equation in their data
squares fit of the ML_Jrnag_han equation in their data_ analys'Scmalysis. The difference between the initial compressibility
similar to that described in Sec. Il C. Kimt al. also fit the parameters determined by Balagumival. and Hunteret al.

Murnaghan equation to their compressibility data, howeverWas attributed, by Balagurost al, to the different oxygen

each data point did not appear to be weighted by its assoCL +onts of the samples under stddly

ated error. The inherent uncertainty in the unit-cell param- Wi te that derived value f&r. i hat |
eters determined at a higher pressure is significantly greater € note that our derved value 1k 1S somewnat larger

than the uncertainty in the unit-cell parameters determined 4120 Might be expected. Fits to the data using either the
a low pressure, since at higher pressures sample strain effe@¥¢ch or Vinet EOS(Ref. 23 gave essentially identical val-
combined with collapse of the gasket aperture conspire t§€s forBy andBg. This confirms the validity of using the
reduce the overall signal-to-noise ratio. The EOS parametegimpler Murnaghan EOS over the pressure range in this
determined by Kimet al. may therefore be subject to some Study, as has been found previously by otH&rs.
uncertainty since equal weighting appears to be given to data The compressibility parameters of sifr, Ba,CuO,, 5
points acquired at all pressures. and HgBaCuQ,, 5 are very similar, and this, naturally, is
Table VIII also includes estimates of the unit-cell and considered to be a reflection of the close structural relation-
volume compressibilities and bulk modulus from the high-ship between these two materials. It would appear that partial
pressure neutron-diffraction studies of HgBaiO,, 5 (to 5.0  substitution of chromium for mercury has no significant ef-
GPa. The compressibility of HgB&ZCuQ,, 5 was estimated fect on the overall compressibility of HgBauO, , 5. This is
by Akensovet al? from a least-squares fit of a linear EOS reasonable, since the majority of the common metal-oxide
to their compressibility data. However, the accuracy of thebonds in HgBaCuO,, s and Hg ¢Cry Ba,CuQ,, ;5 are of
compressibility parameters reported by Akensewal. is  similar length, and may, therefore, be expected to be of simi-
somewhat questionable, since a linear EOS does not modlr ~ compressibility. ~ The  compressibility — of
the pressure dependence of the compressibility of the crystéddo ¢Cro Ba,CuQy, 5 is observed to be slightly less aniso-
structure, which is considered to be significant over the prestropic than that of HgBgCuQ,, 5. This, undoubtedly, is a
sure range studied. The compressibility data reported byeflection of the slightly reduced structural anisotropy of
Hunter etal,®® on optimally doped samples of HgogCro-BaCuQ,, s, Wwith respect to that of
HgBaCuO,, s, were acquired from a powder neutron- HgBaCuQ,, 5, as quantified byy,, in Table VII.
diffraction study to 0.6 GPa. Huntet al. also used a least- It is interesting to note that the bulk moduli of
squares fit of a linear EOS to their compressibility data toS,CuG,CO; and of HgBaCuGQy ., 5 are very similar, which
derive their compressibility parameters. However, in thismay be a reflection of the close structural relationship be-
case, the method of analysis is justified, since below 1 GPtween compounds. One might expect the bulk modulus of
the pressure dependence of the bulk modulus is rather sma,CuO,CO; to be significantly larger than that of
and the compressibility parameters may be regarded as reldgBaCuQ,, 5, since the mean Sr-O bond length672 A
able estimates of the initial compressibility of (Ref. 1) in the former compound is much shorter than the

TABLE VI. Refined unit-cell parameters and unit-cell volume o§,8hYCuz0g, 5 at various pressures.

PressurdGPa a parameterA) b parameterA) ¢ paramete(A) Volume (A%)
0.00 5.3891) 5.4281) 15.7123) 459.61)
0.861) 5.3831) 5.421(1) 15.6523) 456.12)
2.331) 5.3731) 5.4091) 15.5623) 452.31)
4.131) 5.3631) 5.3941) 15.43G3) 446.61)
6.031) 5.3531) 5.3831) 15.3513) 442.41)
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TABLE VII. Summary of compressibility data fofa) HgBaCuOy, 5, (b) Hgy ¢Cry BaCuO,, 5, (C)
Sr,CuO,CO;, (d) NbSLEUCYOg, (€) GaSkYCu,0, and(f) Pb,Sr,YCuz0g., 5. v, denotes the ratio of the
out-of-plane to in-plane compressibility,, denotes the ratio of the out-of-plane to in-plane unit-cell param-
eters at ambient pressure.

Parameter a b c d e f
Ka, (X107° GPa™) 4.712) 4.7(3) 4.33) 2.4(4) 4.84) 1.312)
Kag 0.031) 0.127) 0.021) 0.033) 0.0173) 0.021)
Kp, (X107° GPa™) 3.712) 1.6(2)
Kb, 0.031) 0.032)
Ke, (X10°° GPa?) 6.52) 5.94) 8.5(4) 3.51) 3.32) 4.82)
K¢, 0.11(5) 0.083) 0.032) 0.082) 0.031) 0.06(1)
Ky, (X10°% GPal) 15.94) 15.46) 16.166) 8.3(3) 11.95) 7.7(3)
K¢, 0.142) 0.287) 0.081) 0.141) 0.061) 0.1013)
B, (GPa 63(2) 64(2) 62(2) 120(4) 85(3) 1294)
By 7(1) 3(1) 12(2) 7(2) 15(2) 9(2)
Ve 1.38 1.25 1.97 1.45 1.37 3.31
Yip 2.45 2.39 1.86 3.00 2.96 4.11

mean Ba-O bond lengtf2.805 A, Ref. 15in the latter ma- in the unit-cell volume, leads to a reduced bulk modulus of
terial. Clearly this is not the case. The crystal structure ofl12 GPa in YBaCu;Og o With respect to the bulk modulus
SrL,CuO,CO; is significantly distorted with respect to that of of YBa,CuzOg o determined as 125 GFA.
HgB&CuQ,. 5 due to the static displacement of the apical The compressibility in thé direction of GaSyYCu,0O; is
oxygen atoms bonded to the carbonate groups, see Fig. 5 fdund to be slightly greater than that in tbelirection. In the
Ref. 11. Consequently, the SyGand CuQ co-ordination  structure of this compound the Ga®etrahedra are corner
polyhedra in SyCuO,CO; are considerably distorted from linked to form infinite GaO chains, running parallel to the
ideal geometry. The compression of,Gu0,CO; could, direction in theb,c-plane. It would, therefore, appear that the
therefore, be accommodated, structurally, by further deforGaQ, chains make an additional contribution to tbexis
mation of the Sr@ and CuQ co-ordination polyhedra stiffness of GaSiYCu,0,, leading to a slightly smaller
through a combination of compression and torsion of metale-axis compressibility, with respect to theaxis compress-
oxide bond lengths and bond angles, respectively. This maipility. A direct consequence of the slightly smaller com-
account for the higher than expected compressibility ofpressibility of thec axis compared to that of tHeaxis in this
SrL,CuG,CO;. compound is a decrease in the orthorhombic distortion with
increasing pressure. The orthorhombicity parametean be
- defined by

B. Compressibility of NbSr,EuCu,0Og and GaSr,YCu,0-,

Although NbS§EUCW,Og and GaSyYCu,O, are closely _
related in structural terms, Fig. 1, the bulk modulus of
GaSpYCu,0; is much less than that of Nbf#uCuOg. . .
This may be attributable to the effect of ordered oxygenWhI:arexl an(tjxg.re[irr](_asent Va,'(ﬁis oféhe orthorhtorrr);b;ghumt-
vacancies in the(SrO)(GaO(SrO perovskite-type layer gzrivpe%ra:/n;ﬁ :; ('Jl\ arlz C%St?e din gln (éi)p a;i)rple (\a/vith thee
connecting adjacent - oxygen-deficient perovskite—typeresults of a weighted n(F))nIinear Ieas%;sqdares f?t of a second-
(CuG,)(Y)(Cu0,) layers in this material. These oxygen va- order polvnomial
cancies have the effect of breaking up the polyhedral con- poly
nectivity in the connecting perovskite-type layer, leading to a
significant increase in the in-plane compressibility of
GaSkYCu,0,, mean value of 3.810 % GPa !, with re- to the experimental data, obtained using the Levenberg-
spect to that of NbSEUCWOg, 2.4<10° % GPal. The ef- Mardquart algorithm. The refined values @f, e;, ande,
fect of oxygen vacancies on the relative compressibility ofare  0.008 3@l), —1.72(5)<10™* GPa® and 1.15(8)
YBa,CusOg g9 and YB3 ClsOg 50 has been interpreted using X 10> GPa 2, respectively. As shown in Fig. (8, the
similar arguments. The initial compressibility of these com-orthorhombic distortion of GagyCu,0O; decreases with in-
pounds was determined by Jorgensenal. from high-  creasing pressure, although the change over the 6.00 GPa
pressure neutron-diffraction studies to 0.6 GPa@he effect pressure range studied is rather smal§%, suggesting that
of removing the chain-site oxygen in this compound is, mostany possible pressure-induced orthorhombic-to-tetragonal
significantly, to increase thbB-axis compressibility, as a re- phase transition should be expected at extremely high pres-
sult of breaking up the CuO chains that run parallel tolihe sure. This expectation is supported by extrapolation of the
axis in this compound. This, combined with a small increasegressure dependence of theand c-unit-cell parameters to

(X1—X2)
(Xp+X%2)

; (6)

e=ey+e;p+e,p? (7)
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FIG. 3. Pressure dependence(@f and(b) unit-cell parameters,
and (¢) unit-cell volume of Hg «CryBa,Cu0,, 5, normalized to
their room-pressure values

FIG. 2. Pressure dependence(@fand(b) unit-cell parameters,
and (c) unit-cell volume of HgBaCuQ,, s, normalized to their
room-pressure values.

30 GPa(using the Murnaghan EOS parameters in Table,VIl Variablesx; andx, in Eq. (6) represent values of thee and
as shown in Fig. ). This extrapolation indicates that such b-unit-cell parameters. The smooth line represents a
an orthorhombic-to-tetragonal phase transition should be exaeighted nonlinear least-squares fit to the data of a second-
pected at pressures well in excess of 30 GPa. order polynomial defined by Eq(7), obtained using the
Levenberg-Mardquart algorithm. The refinfd valulese@f
. e;, and e, are 0.0036Q), —1.4(1)x10 * GPa " and
C. Compressibility of Pb;Sr,YCusOg+5 5.1(2)x 10 " GPa ?, respectively. As shown in Fig.(8),
The pressure dependence of the orthorhombicity paranthe orthorhombic distortion of BBr,YCu;Og, s decreases
etere for Pb,SrLYCu;30g., 5 is shown in Fig. @), where the  with increasing pressure. The change in the orthorhombicity
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FIG. 5. Pressure dependence(@f and(b) unit-cell parameters,
and (c) unit-cell volume of NbSfEuCy,Og, normalized to their
room-pressure values.

FIG. 4. Pressure dependence(@fand(b) unit-cell parameters,
and(c) unit-cell volume of SyCuG,CO;, normalized to their room-
pressure values.

parameter of PIBr,YCu;Og, s over the 6.0 GPa pressure Ph,SKLYCu;04. 5 arises from the subtle displacements of the
range studied is rather largey25%, suggesting that a oxygen atoms in the PbO layers of this material, induced by
pressure-induced orthorhombic-to-tetragonal phase transitidhe stereoactive lone pairs of the?Phcations. It is difficult
should be expected at moderately higher pressures. This ef6 comment further on the relative compressibility of #he
pectation is supported by extrapolation of the pressure deand b axes of this compound in the absence of a model
pendence of thea- and b-unit-cell parameters to 30 GPa describing the precise structure of the PbO layers in this
using the Murnaghan EOS parameters in Table VIl,material. However, it is reasonable to note that the slightly
Fig. 9b). This extrapolation suggests that an ortho-larger compressibility of thé axis with respect to tha axis
rhombic-to-tetragonal phase transition may occur in thds consistent with the fact that tHeaxis is slightly longer
region of ~30 GPa. The orthorhombic distortion of than thea axis at ambient pressure.
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and (c) unit-cell volume of GaSiYCu,0O;, normalized to their  and(c) unit-cell volume of PBSr,YCu;Og, 5, Normalized to their
room-pressure values. room-pressure values.

A previous high-pressure x-ray diffraction study of at 6.03 GPa; this is in contrast with the energy-dispersive
Pb,Sr,YCu;0g, s and PhSrLHOCwOg, s was undertaken study in which these reflections could not be resolved, even
by Jorgensert al. using energy-dispersive techniquigdn-  at ambient pressure. As discussed earlier, the EOS param-
terestingly, they report an orthorhombic-to-tetragonal phaseters determined in this study support the possibility of a
transition in PhSrLYCu;0g, s above~10 GPa. However, pressure-induced orthorhombic-to-tetragonal phase transition
this observation is subject to some uncertainty, as the authois Ph,Sr,YCu;0g., 5, although at a significantly higher pres-
themselves note, due to the limited resolution of that experisure than that proposed by Jorgens¢al.
ment. In our higher-resolution angle-dispersive x-ray diffrac- The compressibility parameters reported by Jorgensen
tion study, the(020) and (220 reflections are well resolved et al. are compared with those determined in this work in
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TABLE VIIl. EOS parameters for HgB&£u0, , 5 from various authors.

EOS Parameter

This wofk Eggert®

Kim?2 Akensov® Hunter® Balaguro\® Balaguro®

Ref. 25 Ref.26 Ref.27 Ref.28  Ref. 29 Ref. 29
Ka, (X107° GPal) 4.7(2) 493 2051 332 4265  3.734) 3.606)
Kay 0.031) 0.041) 0.56
Ke, (X107 GPa?) 6.52) 5.82) 7.464) 461 5839 5484 4.906)
K¢, 0.115  0.204) 0.01
ky, (X10°% GPa') 1584  1537) 9625 11.23) 1431 129 12.1(2)
KV, 0.142) 0.222) 0.11
B, (GPa 63(2) 65(3) 1046) 892  69.95  77.56) 69(1)
By 7(2) 455 861

@Optimally doped.
bUnderdoped.
‘Overdoped.

Table IX, and it is apparent that most of the derived valueplane to in-plane compressibilitiey,., defined by Eq(4).

differ substantially. We believe that these differences are dughis is considered to arise from the Jahn-Teller distorted
to the different experimental techniques and methods of datguQ, (n=5 or 6) polyhedra, common to all these com-

analysis employed in the two studies. The energy-dispersivgounds, in which the apical Cu-O bond is found to be much
data of Jorgenseet al.is of much lower resolution than our longer than the in-plane Cu-O bond. As one might expect,
angle-dispersive data and, for the reasonably complicateghe anisotropic compressibilities of these materials also ap-
orthorhombic crystal structure of PBRYCusOg.s, thiS  pear to correlate with the inherent structural anisotropy of
may have led to significant inaccuracies in peak positions ifpage compounds, quantified by the ratio of out-of-plane to

the earlier study. The previous study also used a nonweightgg|_
nonlinear least-squares fit of the Murnaghan equation to the
pressure-volume data to derive a bulk modulus, and a no
weighted second-order polynomial expressi@imilar to

that of Eq.(7)] to evaluate the linear compressibilities. These
methods are less reliable than those that we have employeﬁy
as discussed earlier for HgBauQO, . 5. Given the inherently

plane unit-cell parameters at ambient pressure, denoted
¥1p in Table VII (assuming pseudotetragonal symmetry for
r|5b28r2YCu308+§ and GaSyYCu,0O, and normalizing the
parameter of Ga$y Cu,0O; to account for the body centered
mmetry of this structuje Thus, compounds with similar
ratios of the out-of-plane to in-plane unit-cell parameters, for

higher resolution of the present data and better methods &*@mple, HgBgCuO,, ; and Hg {Cro BaCu0,, 5, and
data analysis, we believe that the compressibility parametef¥0SEEUCKLOs and GaSfYCu,0;, are found to have simi-

of Pb,Sr,YCusOg. s that we have established are the mostlar ratios of out-of-plane to in-plane compressibilities.
A second overall trend to emerge from the data in Table

VIl is the general correlation of the in-plane compressibility
with the number of layers formed by corner- and edge-shared

accurate to date.

D. General trends

metal-oxide polyhedra per unit interlayer distaridefined as

The compressibilities of the layered cuprate materialdhe distance between adjacent Gu§heets in the crystal
studied in this work, summarized in Table VII, are generallystructure.
observed to be anisotropic, as given by the ratio of out-of-Sr,CuO,CO;, which have only one CuQsheet per inter-

HOBsCUG, . 5,

Hgo ¢Cro Ba,CuQy, 5, and

5.500
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- B 2 5300 FIG. 8. (a) Pressure depen-
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2 0.0078 [ e of the b- and c-unit-cell param-
g X T 5100 eters using the Murnaghan EOS
f - = parameters in Table VII.
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layer distance, all have an in-plane compressibility xgf tablished from fitting the Murnaghan EOS to the associated
~45x10°° GPal. GaSkYCu,0, has two Cu@ sheets compressibility data. A number of general conclusions may
per unit interlayer distanceplus one oxygen deficient be drawn, with regard to the compressibility of layered cu-
“GaO”-plane, and has a lower in-plane compressibility of prate materials. In general, the anisotropic compressibility of
Kip ~3.7X 102 GPal. In comparison, NbSEuCuOsg, a layered cuprate material is governed by the polyhedral con-
which has two Cu@ sheetsplus one NbQ sheet per inter- nectivity of the crystal structure. In all cases, the compress-
layer distance, has a smaller in-plane compressibilitx;gf  ibility in the direction perpendicular to the metal-oxide lay-
=2.4x10"% GPa’. The smallest in-plane compressibility, ers is greater than that in the plane of the layers due to the
Kip ~1.45x10°% GPa ', is found in PBSK,YCu30q, 5,  Jahn-Teller distortion in the CyO(n=5 or 6 polyhedra.
which has two Cu@ sheetsplus two PbO sheet¢formed  Furthermore, the in-plane compressibility varies systemati-
from edge-sharing PhOpyramids per interlayer distance. cally with the number of metal-oxide sheets per unit inter-
Thus, as one might anticipate, the in-plane compressibilityayer distance, decreasing with an increasing number of
decreases as the number of additional metal-oxide sheets peltal-oxide sheets. Additionally, the in-plane compressibility
interlayer distance increases. The very high anisotropy ofppears to increase when the polyhedral connectivity in a
compressibility observed for B8r,YCu3Og, 5, ¥.=3.31,  given structural layer is disrupted. These trends may be im-
results from the very low in-plane compressibility of this portant with a view to tailor the response of layered cuprates

material. To the best of our knowledge, the compressibility(and other materials in generab applied pressure.
of Pb,SKLYCuz05, 5 is the most anisotropic of all high-

temperature superconductors studied to date.
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