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Abstract: A pressure-induced splitting of the Cu—0 chains was found in SrCuO, at pressures >7 GPa
and room temperature. The high-pressure phase is a superstructure of the infinite-layered tetragonal
superconducting phase of SrCuO, and is not stable under ambient conditions. The Cu—O chains buckle
with further increasing pressure, and a new high-density polymorph of SrCuO; is formed at 34.2 GPa.

Introduction At ambient conditions, the tetragonal parent structure of

Strontium copper oxides have been the subject of intensive SUP€rconductor was only obtgined in a narrow compositional
. e ;

investigation during recent yearé because of their unique low-  '2"9€, such as GgsS1.14CuG, and itis, in fact, an msulatc_)r.
dimensional structural character. The orthorhombic Srcuo Small amount of Nd-dope_d SrC‘f?s a superconductor with
(Cmem),” which is the stable phase at normal pressure, contains ansition temperaturd, =40 K. Various doping in the
a pair of corner-sharing GtO chains parallel to the-axis, tetragonal structure was realized at high presstirésand thGe
stacked along the-direction (lattice parametersa = 3.5766  SuPerconductivities withTe from 42-44 K in La-doped
A, b=16.3354 Ac=3.9143 A,Z = 4). The electrons in the Sn—xLaCu0; to ~110 K in Ca-dopef (Sr,Ca)CuC, were
compound are likely to move along the €0 chains, and the reported before. The orthorhombic to tetragonal phase transition
coupling between neighboring chains is weak. At elevated " Undoped SrCugcan only be realized by high pressure and

pressure of 6 GPa and a temperature of 10D0a metastable high-temperature treatmehtlowever, the mechanism of this

tetragonal polymorph of SrCu@P4/mmn) has been fabricated phase transition is not well understood, and no pressure
from the orthorhombic phaseThe tetragonal phase is a parent dependence of the structure of SrGudroom temperature has

structure for superconductor and consists of two-dimensional _been determined until this study. The understanding of pressure-

CuO; sheets separated by layers of Sr atoms. Orthorhombic induced phase_ transitions at the atomic scale is .always a
SrCuQ is one of these ideal one-dimensional (1-D) materials, challenge. In this paper, we show that the orthorhombic SgCuO

which allows one to investigate fundamental physical phenom- transforms to a superlattice (hp-1) of the infinite-layer tetragqnal
ena in one dimension using both theoretical and experimentalphase of SrCugat 7 GPa at room temperature. The formation

approaches, such as 1-D Mott insulators, and spin-chargeOf the superlattice is due to the splitting of one O site in the
separatiorf:812 unit cell along thec-axis. The superstructure of the tetragonal

phase is stable up to 34.2 GPa, but a new denser structure (hp-
 Department of Geological Sciences, University of Michigan. II) forms at higher pressures. The high-pressure phase-Il is

* Department of Nuclear Engineering and Radiological Sciences, Uni- orthorhombic, and there is an 18% decrease in unit cell volume
versity of Michigan.

S University of Chicago. when it is transformed from the tetragonal phase. Both of the
' Florida International University. two pressure-induced phase transitions in Sr£a® reversible.
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Table 1. Atomic Coordinate of the Tetragonal Phase at 11.2 GPa

SrCu0, P: GPa Refined for SXace Group P4/mmm and Lattice Parameters: a = b
| pre T = 7.6366(6) A, c = 3.3347(3) A
| (W aand

orth -"'hp]l_‘l N o 03 atom Wyckoff xla yib Zc occupancy

R 20.2 Sr 4k 0.2196(4)  0.2196(4) 0.5 1
= |hp- cul 2f 0.5 0 0 1
= - Cu2 1c 0.5 0.5 0 1
5 .. M8 cus la 0 0 0 1
g A T o1 4 0.249(9) 0 0 1
= | 02 8t 0.260(8) 0.5 0.91(1) 0.5
< | hp-Il . L 342

[~ T S p
2 - I .'l L~
2 'hp-l T; | P"‘““‘““’A and the strong peaks in the XRD pattern of the high-pressure
-g : ° regena a=1.6366 phase are similar to those calculated from the tetragonal

superstructure A
¢=3.3347A 11.2 structural model reported previousty3 However, several new

peaks cannot be reconciled, such as the first diffraction
maximum at a 2 of ~3°. Indexing using all the observed peaks
7.0 resulted in a @ x 2b x c superstructure, wheig b, andc are

A N —
1 TN Y CEO TR VT N T T TRV TR

‘ the lattice constants of the tetragonal SrGu@he phase
orth. 1 . |‘|||I A A2 transition at 7 GPa occurs over a very narrow pressure range
ST L ralt B I A S (<0.5 GPa), and we never observed the coexistence of the
4 6 8 10 12 14 16 18 20 22 24 tetragonal phase with the initial orthorhombic phase during
Two Theta (degrees) several repeated experiments.
Figure 1. The XRD patterns of SrCufat high pressures. Two phase We solved the high-pressure structure directly from the XRD

transitions are clearly observed at pressures~@f and ~34.2 GPa, . .
respectively. The XRD pattern at 11.2 GPa is refined using the Rietveld pattern taken at 11.2 GPa. The direct method generates six

method in a superlattice £2x 2b x c) of the superconducting tetragonal ~ atomic positions in the space grolg@/mmm Assuming that
unit cell. The long vertical bars indicate the positions of Bragg diffractions  the four sites with high electron densities are due to one Sr and
from the basic tetragonal superconducting phase and the short onesindicat% Cu atoms and the two sites with low electron densities are

the diffraction peaks caused only by the superlattice. The green line above
the bars represents the residual from the fit. The XRD patterns at 20.2 anddue to O atoms, a reasonable structure model can be proposed.

0.3 GPa are taken during release of pressure. The model structure is very close to that of the infinite-layer
_ ) tetragonal phase. The structure was refined by the Rietveld
Experimental Section method, and the refined atomic coordinates are listed in Table

The powder sample of SrCu@as synthesized by traditional solid- 1. The calculated XRD pattern fits the observed one quite well
state reaction method at 90C for several days with intermediate  (Figure 1). The O2 atom occupies thesdte, and the closest
grinding® The synthesized sample is confirmed to be the pure distance between sites that are occupied by O2 atoms is 0.6 A
orthorhombic phase by a lab XRD facility. High-pressure experiments gt 11.2 GPa. The two closest O2 sites, in fact, are one single
were performed using a diamond anvil cell (DAC) with methanol/  sjte split along thec-axis, and the occupancy is thus reduced
ethanol (4:1) liquid as pressure medium. The in situ XRD measurementsby half. There are three Cu sites in the unit cell. which have
were performed using a synchrotron radiation X-ray source (0.4066 different bonding environments with the O atoms. Cu3 atoms
A) at the X17C station of the National Synchrotron Light Source . .

are surrounded by four O1, which have a typical bond length

(NSLS) at Brookhaven National Laboratory. The Debye rings were _ .
recorded with image plate techniques and the XRD patterns were (d=1.902 A)' Cul atoms bond with two O1 and two O2 atoms

integrated from the images using the FIT2d softwArhe pressure  With bond lengths of 1.917 A and 2.008 A, respectively. Cu2
in all of the experiments was measured by the ruby fluorescence atoms reside in the center of the unit cell and bond with four
method?’ A direct method was used to solve the crystal structure of O2 atoms and the bond length of Ct32 is the shortest (1.857
the high-pressure phases with software EX®0he XRD patterns of A). A schematic diagram of the superlattice is depicted in Figure
the low-pressure orthorhombic phase and the tetragonal phase were2b. Apparently, pressure-induced splitting of the O2 site along
refined with Rietveld methoéf. The energy calculations were carried  thec-axis is the reason of the formation of the superlattice. There
out with CRYSTALO3 packag&. B3LYP hybrid density functional s a 6% volume decrease with the transition from the orthor-
Wadsgs_ed for excrfn:;?g? and fgg’i‘i‘oﬁf‘g‘e'egtéc’:lga;'s sets I_or ICU hombic phase to the tetragonal superlattice at 7 GPa. The
and tjions were ot e form o7 55 (. ) and e - FeSpectively. pressure-induced tetragonal phase of Sri&egdnot be quenched
A small-core Hay-Wadt pseudopotential basis set was used for Sr ion L ) . .

at room conditions; however, the simple tetragonal phase, which
of the form of 31(3d)G. . . . .

is fabricated from the orthorhombic phase by high-pressure and
Results and Discussion high-temperature treatment, can exist at room conditions as a

The XRD patterns of SrCuO2 at high pressures are shown Metastable phase.
in Figure 1. A phase transition is clearly observed at 7 GPa, To compare the structural stability of the different tetragonal
phases, we calculated the energy difference between the

(18) Shaviv, R.; Westrum, Jr. E. F.; Yang, T. L.; Alcock, C. B.; Li, Chem, B. i i _qj it
75 Chem. Thermoty9a 22 1095, tetragonal phases without and with O-site splitting at 7 GPa

(19) Hammersley, A.PFit 2d software ESRF: Grenoble, France, 1989 using the density functional method as implemented by the
(20 e, 1K X 3 el B3 Geonys Fedsha oL 1875, 1 . Program packagerystal03 In these calculations, O2is placed
L.; Giacovazzo, C.; Guagliardi, A.; Moliterni, G. G.; Polidori, G.; Rizzi, ~0n one of the two positions with full occupancy. We found that
22) FFE-O{‘ri’gﬂg;_gg’;ﬁg‘ﬂ%ﬁgig%ﬁé”g% 192, 55. the superstructure has higher energy (0.13 eV per structural unit).
(23) Saunders, V. RCRYSTALO3University of Torino: Torino, Italy, 2004. To further understand the energetics of O2 site splitting of the
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Figure 2. Schematic crystal structure of the tetragonal superlattice at high
pressures project along (a) (001) and (b) (010) directions, respectively. One
of the O-sites (02) is split along theaxis in the unit cell.

e = 2=

= 0.25 1 & 7GPa ) )

q, -8 14GPa Figure 4. (a) Schematic crystal structure of the high-pressure phase Il and
~ 0.20 —— 21GPa (b) the structure of the tetragonal phase. The big black balls represent Sr,

a small light balls and middle-sized blue balls are O and Cu atoms,

5 0.15 - respectively. The CuO chains are buckled in the high-pressure phase II,

c which is formed by compressing the tetragonal unit cell along the

(1T b-direction.

— 0.10

o

E 005 - is not formed by only increasing the pressure at room temper-

= ature because another phase transition occurs at 34.2 GPa

o 000 - (Figure 1). The XRD pattern at pressure above 34.2 GPa is

completely different from that of the tetragonal superlattice
structure. The transition from the tetragonal superlattice to the
high-pressure phase-Il has a large pressure rangebdBPa,
and the wide pressure range may be due to the non-hydrostatic
conditions at higher pressures. Fortunately, most of the diffrac-
tion peaks from the high-pressure phase-1l do not overlap, and
they can be easily indexed in an orthorhombic unit cell. The
tetragonal phase under pressure, we have estimated the energyndexing of the diffraction peaks at 41.8 GPa results in a unit
barrier by moving the O2 atom along thedirection and cell with lattice constants ai = 3.8441A,b = 7.1256 A, and
optimizing the coordinates of the rest atoms while keeping the ¢ = 5.2665 A. The reflection restriction& & 2n for Okl, | =
experimental unit cell parameters constant. Figure 3 shows that2n for hOl, k = 2n for 0kO, andl = 2n for 00l) suggest a space
the barrier at 7 GPa is about 0.24 eV, thus, about ten timesgroup ofPb2; (29) orPbcm(57) for the high-pressure phase-
higher thankgT at room temperature. Although the tetragonal II. High-pressure phases are usually denser than the normal
phase with a simple structure seems to be more stable than thaphase, and the indexed results suggest that there are four formula
with a superstructure at 7 GPa, the energy barrier for the units of SrCuQ@ in the unit cell of the high-pressure orthor-
superstructure is high enough to prevent it from transforming hombic phase.
to the basic tetragonal form at room temperature. High- We tried to solve the structure from the XRD pattern taken
temperature treatment or structural defects induced by chemicalat 41.8 GPa. The direct method generates six possible positions
doping may provide the energy required to overcome the in the lower symmetry space group Bbc2;. All six positions
energetic barrier for the transformation. are on the 4 site because only the general positio)(4s

With increasing pressure, the intensities of the diffraction allowed in this space group. The two high electron density
peaks due to the superlattice structure are reduced graduallypositions are assigned as Sr and Cu, respectively, and the
which means a simple tetragonal structure may be formed atremaining four sites with low electron densities are attributed
high enough pressure at room temperature. This is in agreemento oxygen. However, two of the four oxygen positions have
with our theoretical calculation results in Figure 3. The energy unreasonably short bond distances to the heavy atoms. After
barrier and splitting distance of O2 atoms are reduced with selecting the remaining two positions as the O sites, a reasonable
increasing pressure, and the structure tends toward a simplestructural model can be proposed (Figure 4a) for the high-
tetragonal structure. However, the simple tetragonal structure pressure phase-Il. The bonding environment of Cu maintains a

-06 -04 -02 00 02 04 06
Z Coordinate (A)

Figure 3. The calculated lattice energy of the tetragonal Srgpbase
and its dependence on the splitting of O2 atoms along:tiieection.
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Figure 5. (a) Pressure dependence of the unit cell volume (per SgCuO
(b) Pressure dependence of the distances betweer©Gihains or layers
(do-triangles) and along the chaind;{diamonds). Definition ofl; andd,

is shown in Figure 4. During the phase transition from the orthorhombic to
the tetragonal superlattice, compression between@2isheets (or CtO
layers) is dominant while the compression along—@u chains became
dominant for the second phase transition.

SrCuQ to the tetragonal superlattice structure and finally, to
the high-pressure orthorhombic phase-Il. The volume decrease
from the tetragonal superlattice structure to the high-pressure
phase Il is very high and th&r—OCbond distances shorten to
0.21 nm at 41.8 GPa. The above structure model for high-
pressure phase-ll cannot be well refined using the Rietveld
method because the relative intensities of the calculated dif-
fraction peaks are somewhat different from the observed
patterns. This may be due to the uncertainty of the O atom
positions in the above structure model. The starting orthorhom-
bic phase and the high-pressure phases have different compress-
ibility. Fitting with Birch—Murnaghan equation of state, the bulk
moduli for the orthorhombic and the tetragonal superlattice are
81(6) GPa and 158(4) GPa, respectively, if their derivatives at
zero pressure are fixed atyB= 4. We cannot get a reliable
bulk modulus for the second high-pressure phase from the three
experimental data points only. The bonding distances between
the Cu-O2 sheets and along the €0 chains in different
phases are illustrated in Figure 5b. The compression between
Cu—0 layers is dominant in the starting orthorhombic phase
and the tetragonal superlattice (hp-1). When the interplanar
distance reaches a limit (e.g+3.2 A) in the tetragonal
superlattice, further compression will buckle the-6D chains,

and the compression along one direction of the-Cuchains
becomes dominant during the second phase transition. After the
Cu—0 chains are buckled, the distance between the layers in
high-pressure phase-Il is even a little larger than those in the
orthorhombic and tetragonal phases.

Conclusions

In summary, two new phases are discovered in SrCaiO
high pressures. The superstructure of the infinite-layer tetragonal
structure of SrCu@at pressures above 7 GPa is caused by the
splitting of one of the O sites in the CuO2 sheets. Our results
suggest that pressure alone can induce the structural transforma-
tion from the orthorhombic to the tetragonal phase, but the

similar topology as in the tetragonal phase (Figure 4b), but the combination of high-temperature (more than 160 and high

Cu—O chains are buckled along thedirection. In fact, a
pressure-induced buckling of the £ layers has been
observed in a related compound SgOglat 3 GPa and at room
temperature befor#,and the high-pressure phase of SiGu

is isostructural with the normal phase of CaOg The high-
pressure phase Il of SrCyChowever, is a new structure, and
we cannot find a similar structure in any polymorphs of the
alkaline copper oxides.

pressure can stabilize the O2 atoms into one nonsplit position,
and thus stabilize the infinite-layer structure under ambient
conditions. The second phase transition at 34.2 GPa is caused
by the buckling of the Ct#O chains.
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