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Stabilization of Cu''' under High Pressure in Sr,CuGaOs
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High pressure has been shown to be a powerful tool to isolate a new compound with Cu'"':
Sr,CuGaOs, the n = 1 term of the homologous series GaSr,Can-1CunO2n+3. The structural
characterization, performed by means of X-ray diffraction, selected area electron diffraction,
high-resolution electron microscopy, and X-ray absorption spectroscopy, suggests a related
brownmillerite structure, involving a superstructure along the b axis and disorder along
the a axis. Those facts have been explained on the basis of the presence of two kinds of
tetrahedral chains. The chemical composition as determined by energy-dispersive X-ray
spectroscopy and thermogravimetric analysis confirms the stabilization of Cu as Cu''.
Susceptibility measurements show a paramagnetic behavior in agreement with the absence

of 2D CuO; planes.

Introduction

In the last two decades many oxygen-deficient per-
ovskite-related compounds have been studied, leading
to a better understanding of the ways that solids
accommodate compositional variations. A well-known
perovskite-related structure is the brownmillerite,
A2B,0s, built up from the ordered intergrowth between
corner-sharing [BOg] octahedral and [BO,4] tetrahedral
layers. The orientation of the tetrahedral chains in
consecutive layers, i.e., aty =1, and y = %/,, is different,
since they are related by a 2-fold axis in brownmillerite
itself, Cay(Fe,Al),Os! (space group 1Ibm2) and by 1 in Ca,-
Fe,Os? (space group Pcmn).

Intermediate phases between perovskite and brow-
millerite structures have been reported in several
oxygen-deficient systems.3~° Since the discovery of high-
T, superconductivity in the La—Ba—Cu—O0 system, this
kind of study was widely extended to copper mixed
oxides, suggesting that the presence of 2D CuO, planes
as well as a mixture of Cu'' and Cu''" oxidation states
seems to be necessary to obtain p-type superconductivity
in this system. An interesting example which combines
the CuO; planes with related brownmillerite blocks is
the high-pressure homologous series GaSr,Can-1-
CunO2n+3.57 Such a series can be described on the basis
of ordered intergrowths between P—T—P (P = pyramid,
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Figure 1. Idealized structural models corresponding to the
n =1, 2, 3, and 4 terms of the homologous series GaSr,Can-1-
Cun02n+3.

T = tetrahedron) and IL (infinite layer), i.e., CuQO4
square planes sharing corners. The n = 2 term is built
up of P—T—P blocks. Higher terms incorporate half an
IL unitcell (n = 3), i.e., a layer of CuO, planes exhibiting
T, =70 K, and one IL unit cell (n = 4), i.e., two layers
of CuO; planes showing a higher T, 107 K. Both terms
involve Cu'' and Cu'"! oxidation states. Although the n
=1 term has not been reported up to now, a brownmil-
lerite structure has been predicted.” A schematic rep-
resentation of such models is depicted in Figure 1. Itis
worth mentioning that in such n = 1 term loss in the
2D copper planes the disappearance of superconductiv-
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ity is foreseeable. Moreover, this compound would have
the “Sr,CuGaOs” composition, which should involve all
Cu as Cu" instead of a mixed oxidation state. The
presence of only Cu''' makes the stabilization of this
oxide difficult, a higher oxygen pressure being needed
to enhance the hole concentration. In this sense, De-
mazeau et al.8 reported the high-pressure synthesis of
LaCuOs, a rhombohedrally distorted perovskite with
Cu'. Superconductivity was not detected in agreement
with the above description. A simple way to stabilize
the n = 1 term is by substituting a 3+ cation such as
La3" by Sr2*. In fact, the compounds LaCaCuGaOs,°
LaSrCuGa0Os,!° and LaBaCuGaOs!! have been described
as showing the brownmillerite structure. In these cases,
Cu stabilizes as Cu'"', and they are paramagnetic.

Here, we report the high-pressure synthesis and
structural characterization of the n = 1 term, Srp-
CuGaOs, corresponding to the GaSr;Can-1CunOznis
homologous series, which, in fact, is a new compound
with all Cu''. Although a brownmillerite structure was
expected and preliminary results are in agreement with
the previously proposed model,” order—disorder phe-
nomena involving tetrahedral chains have been ob-
served.

Experimental Section

A stoichiometric mixture of SrCOj3;, Ga,0O3, and CuO, previ-
ously decarbonated, was used as the starting material for the
high-pressure synthesis of Sr,CuGaOs. This powder was sealed
in a cylindrical gold capsule, being pressed under 6 GPa at
1000 °C for ¥/, h in a conventional cubic-anvil-type apparatus.
The temperature was monitored with a Pt—PtRh thermocouple
placed near the gold capsule. KCIO, was added at both the
bottom and top of the capsule as an oxygen source. Two very
thin gold foils were put between the sample and the KCIO, to
avoid sample contamination, but with a small hole in the
middle to allow oxygen flux.

Analysis of the chemical composition was carried out by
energy-dispersive X-ray spectroscopy (EDS) using a JEOL
2000 FX microscope equipped with a LINK AN10000EXL
microanalytical system. Powder X-ray diffraction (XRD) was
performed using a Philips X'Pert diffractometer with Cu Ka
radiation. The oxygen content, and then the oxidation state
of Cu, was determined by thermogravimetric analysis using a
Cahn D-200 electrobalance equipped with a furnace and a two-
channel register, allowing simultaneous recording of the
weight loss and the reaction temperature. The oxygen content
can be determined within 5 x 1072 for a sample of total mass
of about 5 mg. The sample was reduced by a mixture of H;
(300 mbar) and He (200 mbar). X-ray absorption experiments
were carried out at the XAS-13 beamline at the DCI storage
ring (Orsay) with an electron beam energy of 1.85 GeV and
an average current of 250 mA. Data were collected by using a
fixed exit monochromator with two flat Si (111) crystals;
detection was made by using two ion chambers with air fill
gas. Selected area diffraction (SAED) and high-resolution
electron microscopy (HREM) were carried out on both JEOL
2000-FX and JEOL 4000-EX microscopes. Magnetic suscepti-
bility measurements, in the range of 5-300 K and in a 100
Oe applied field, were made with a SQUID MPMS-XL mag-
netometer.
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Figure 2. X-ray diffraction pattern marked.
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Figure 3. Reduction curve corresponding to Sr,CuGaOs. A
small plateau is observed at around 450 °C, where Sr;Ga;Os
is stabilized, according to XRD data, together with SrO and
Cu.

Results and Discussion

The XRD pattern (Figure 2) can be indexed on the
basis of a brownmillerite unit cell (space group Ima2)
with lattice parameters a = 16.709(3) A, b = 5.522(3)
A, and ¢ = 5.331(3) A, although very weak peaks
corresponding to some impurities such as SrO; (pointed
out in Figure 2), usually observed when an oxidant
agent is used, also appear. The EDS analysis also
suggests a majority phase with a composition in agree-
ment with the nominal one. The oxygen content was
determined by thermogravimetric analysis. This value
was found to be 5.00(5) per unit formula, by reducing
the sample according to the following process (Figure
3): 2Sr,CuGals — SrzGa;0s + SrO + Cu, and con-
firmed by X-ray diffraction of the residual products.
Such a composition is in agreement with the expected
one for a brownmillerite phase and involves the pres-
ence of Cu as Cu'".

SAED patterns along [001], [010], and [011] zone axes
(Figure 4) are in agreement with a brownmillerite
structure. However, SAED patterns along [100], [021],
and [023] zone axes (Figure 5) indicate a more complex
situation, since two kinds of diffraction spots appear:
(i) intense, in agreement with the basic brownmillerite
unit cell, and (ii) weak, suggesting the presence of a
2-fold superstructure.

The [100] zone axis shows weak reflections at (0 Y/,
0) and equivalent positions, suggesting that the b
parameter must be double. The [021] and [023] zone
axes exhibit continuous streaks along a* in alternating
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Figure 4. SAED patterns along (a) [001], (b) [010], and (c)
[011] zone axes.

rows between the brownmillerite main reflections.
Besides, these main reflections show weak diffuse
streaking along a*, suggesting disorder along such a
direction. On the other hand, the extra rows can be
deduced from the weaker spots observed along [100] (see
Figure 5a), which, in fact, correspond to the intersection
of the rows in [021] and [023] with the (100) reciprocal
plane, as schematically arrowed in Figure 5a.

Figure 6 corresponds to the HREM image along the
[011] zone axis. This micrograph is characteristic of an
ordered brownmillerite material. Indeed, good agree-
ment between experimental and calculated images,
taking into account the above model, can be observed
in Figure 6b.

Images along [100], [021], and [023] are very helpful
to explain the superstructure spots, as well as the
expected disorder due to the streaking. The image along
[100] (Figure 7) reveals a double b periodicity, i.e., 10.8
A, accounting for the superspots at (0 ¥/, 0) in the SAED
pattern. Random changes in contrast along [001], not
easily attributable to thickness variations, are probably
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Figure 5. SAED patterns along (a) [100], (b) [021], and (c)
[023] zone axes.

related to compositional changes leading to an incom-
mensurable modulation along c. In this sense, the
compositional analysis over small areas, around 60 A,
indicated that the Cu:Ga ratio remains almost un-
changed, whereas the Sr content varies from 1.81 to 2.

The image along [021] (Figure 8) shows bright dots
with a spacing of 4.8 A along the [012] direction, i.e.,
twice the periodicity which should correspond to the
basic structure, in agreement with the alternate rows
observed in the SAED pattern. Although the distance
between bright fringes, along the perpendicular direc-
tion, is 8.4 A, as expected from the basic structure, dots
running along this direction are not placed on a straight
line, but shifted with respect to the others by 1/, along
[012]. The displacements, however, do not happen in an
ordered way, leading to cumulative displacements with
a random arrangement, giving rise to disorder along a,
in agreement with the streaking observed in the dif-
fraction pattern (Figure 5b). A similar situation was
found along the [023] zone axis (Figure 9). In this case,
bright dots spaced 3.1 A must be, again, attributed to
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Figure 6. (a) HREM micrograph along the [011] direction and
(b) the corresponding calculated image.

Figure 7. HREM image along the [100] direction.

the superstructure because the expected periodicity was
15A.

According to the above results, Sr,CuGaOs must
present a related brownmillerite structure. In fact,
SAED patterns and HRTEM images corresponding to
[001] and [011] zone axes are in agreement with this
unit cell. However, structural information along [100],
[021], and [023] zone axes indicates a double unit cell
along the b direction.

Similar order—disorder phenomena have been ob-
served on several compounds containing Ga and Co
tetrahedrally coordinated!? as well as on the higher
terms (n = 3 and 4) of the homologous series GaSr-
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Figure 8. HREM image along the [021] direction. Disorder
along a is marked.
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Figure 9. HREM image along the [023] direction. Disorder
along a is clearly appreciated.

Can-1CunGaOzn13.57 Such phenomena have been at-
tributed to the presence of two kinds of tetrahedral
chains along the c axis while the basic brownmillerite
structure is preserved, with Ga at tetrahedral positions
and Cu at octahedral ones. However, the superstructure
could also be due to a different arrangement of oxygen
vacancies, since Ga can also adopt an octahedral coor-
dination!?13 while lower oxygen environments, such as
pyramidal, square planar, or linear, are also possible
for Cu# in related compounds.
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Figure 10. Normalized XANES spectra corresponding to the
sample and the reference compounds: (a) Ga K-edge and (b)
Cu K-edge.

On the basis of the above information, it seems
necessary to gather information about the cation coor-
dination. In this sense, two different types of informa-
tion can be obtained by using the same experimental
X-ray absorption spectroscopy (XAS) setup: The X-ray
absorption near edge structure (XANES) is related to
the oxidation state and to the stereochemical coordina-
tion of the absorbing atoms, and the extended X-ray
absorption fine structure (EXAFS) gives the radial
distribution function around these atoms.

XAS experiments were performed at the Ga and Cu
K-edges. To study the Ga environment, two possible
atomic environments, such as tetrahedral and octahe-
dral, should be considered. For that purpose, LaGaO3;
and LaCaGaCuOs were used as a reference for Ga
octahedrally and tetrahedrally coordinated, respectively.
Figure 10a shows the Ga K-edge XANES spectra cor-
responding to those references and Sr,CuGaOs, which
is very similar to LaCaGaCuOs, where Ga ions present
a tetrahedral environment. This fact suggests that Ga
ion shows tetrahedral coordination in SroCuGaOs.

The Cu K-edge XANES spectrum of the Sr,CuGaOs
sample is shown in Figure 10b. For comparison pur-
poses, the spectra of two references, La,CuO, and
CuGeO3, with an octahedral Cu environment have been
plotted. The former compound is built up of Cu—0Og
octahedra that present Cu—0,°2sal distances of 1.89 A,
Cu—0,2rical distances of 2.41 A, and QbPasal-Cy—Qarical
and Qbasal-Cy—QPbasal gngles equal to 90° at room tem-
perature.’®> Nevertheless, CuGeQOj3 is built up by more
distorted octahedra with Cu—0O,4Pa@ distances of 1.93
A and Cu—0,2rical distances of 2.75 A, and more impor-
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Figure 11. Fourier transform magnitude corresponding to the
EXAFS signals characteristic of the sample and reference
compounds: (a) Ga K-edge and (b) Cu K-edge.

tant, the Cu—0g@rical hond is not perpendicular to the
basal plane, giving an Qbasal-Cy—Qarical gngle equal to
95.66° at room temperature.'® That different octahedral
Cu environment makes it possible for the two features
at 9044 and 9070 eV in La,CuO,4 to become only one
broad band at 9050 eV in CuGeOQj3;. Under this assump-
tion and by comparison of the references and XANES
spectra, it can be assumed that Cu presents an octahe-
dral environment in Sr,CuGaOs with a very distorted
coordination octahedron, where the Cu—0#@rical honds are
not perpendicular to the basal plane. This highly
distorted structure can be understood taking into ac-
count that the Sr,CuGaOs compound is not stable under
ambient conditions, the application of high pressure
being necessary.

Additionally, EXAFS!” experiments were performed
on these compounds. The magnitudes of the Fourier
transform (FT) are shown in Figure 11. To fit the
EXAFS signals, the backscattering functions were cal-
culated!® and then the Sy? factor was obtained by fitting
the reference compounds.

In Figure 11a, the first peaks (centered at 1.5 or 1.6
A) are related to Ga—O distances. The EXAFS results
for the LaGaOj3; reference are given in Table 1. It should

(15) Cava, R. J.; Santoro, A.; Jonson, D. W., Jr.; Rodees, W. W. Phys.
Rev. B 1987, 35, 6716.
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B 1996, 54, 1105.
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and XANES; Wiley: New York, 1988; p 3.
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Table 1. EXAFS Parameters of the References and SrCuGaOs Sample at the Ga and Cu K-Edges?

sample pair R (A) N (crystal) NSo? (fit) o (A) So?

LaGaOs (octa-Ga) Ga—01 1.951* 2* 1.6 0.05 0.8
Ga—02 2.031* 2* 1.6 0.05 0.8
Ga—03 2.007* 2* 1.6 0.05 0.8

LaCaCuGaOs (tetra-Ga) Ga—02 1.795* 2% 2.0 0.07 1.0
Ga—03 1.89* 1* 1.0 0.06 1.0
Ga—03 1.90* 1* 1.0 0.06 1.0

Sr,CuGaOs (sample) Ga—-01 1.80 2 2.0 0.07
Ga—02 1.90 2 2.0 0.07

La,CuOg4 Cu—01 1.89* 4* 35 0.06 0.875
Cu—-02 2.41* 2*

CuGeO3 Cu—-01 1.93* 4* 35 0.06 0.875
Cu—02 2.755* 2%

Sr,CuGaOs (sample) Cu—-01 1.92 3.8 3.3 0.07
Cu—-02

aValues marked with an asterisk have been taken from the reported crystallographic data. R stands for the distance; N is the number
of neighbors; o correspond to the Debye—Waller factor; Se? is the inelastic losses factor. EXAFS expression for a Gaussian distribution of
N; atoms at mean distances R; around the absorbing atom: (k) = S?3j(Nj/kR;?)e~2K?o%e-TRMf(K) sin[2kRj + ¢j(K)]. #j(K) = 20(k) + yj(K)
= phase shift (6(k) and y;(k) being the central and backscattering atom phase shifts). fj(k) = magnitude of the backscattering amplitude
of the jth neighbor atom. k/T'; = convolution of the mean free path of the photoelectron traveling from the absorbing atom to the backscatterer

in the jth shell and the lifetime of the core hole.

be noted that values of N (number of neighbors) and
So? (inelastic loss factor)® could not be fitted separately
because they appear as a product in the EXAFS expres-
sion.1” The fit of the reference compounds permits the
Sp? factor to be obtained for a particular environment.
To obtain the N value in the crystal, it should be
assumed that Sy? does not change from samples having
the same atomic environment. A second Ga—O0 reference
has been measured, LaCaCuGaOs, which presents GaO,
tetrahedral coordination with the three different dis-
tances given in Table 1. By proceeding as in the
octahedral reference, a similar, but not equal, Sy? factor
has been obtained for the tetrahedral coordination.

Before performing the fit of the Ga environment for
Sr,CuGa0s, one can compare the FT magnitudes given
in Figure 11a. Peaks near 1.5 A are related to the first
coordination sphere (formed by Ga—O distances). It is
clear that, in agreement with XANES spectra, Sr,-
CuGaOs presents a considerable similarity with the
tetrahedral LaCaGaCuOs reference, which has a smaller
number of neighbors and shorter distances than the
octahedral LaGaOs;. Taking into account that XANES
spectroscopy indicates a tetrahedral coordination, EX-
AFS data should be analyzed by considering the back-
scattering and the inelastic loss factor to be the same
as for the LaCaCuGaOs. The fitting parameters are
gathered in Table 1. From these parameters, it seems
clear that the Sr,CuGaOs sample has GaO, tetrahedra
f}_(\)rmed by two different Ga—O distances of 1.80 and 1.90

A similar procedure has been followed to analyze the
Cu environment EXAFS data. We have used CuGeOs3;
and La,CuO,4 as reference compounds. It should be
noted that the corresponding FT magnitude for CuGeO3
(Figure 11b) presents a peak near 1.6 A that corre-
sponds to the four basal distances at 1.93 A. It is not
possible to observe the two apical Cu—O distances (at
2.755 A) because they are superimposed to the next Cu—
Ge neighbors. The La,CuO, case is similar because, at
room temperature, there is not enough signal to have a
clear peak. In both cases the peak appearing at 1.6 A is
only related to the CuO4 coordination given by the basal
plane of the octahedra, and from EXAFS data, it is not
possible to evaluate the larger Cu—Q@pical gctahedron

D%XJNN@)
MTMNM (b) )
WN(C) gb

Figure 12. Schematic representation of three possible ar-
rangements of tetrahedral chains along the [001] direction.

distances. Under these circumstances, only the short
Cu—0 distances appearing in the CuOg octahedra can
be determined in the Sr,CuGaOs sample; values are
given in Table 1. EXAFS analysis reinforces the conclu-
sion that the Ga environment is tetrahedral and Cu
coordination is octahedral, although heavily distorted.

The ensemble of results support the stabilization of
the n = 1 term with a brownmillerite-related structure
but involving additional order along b and disorder
along a. Such an ordering along b can be induced by
changing the orientation of the tetrahedral chains—
tilting 180° around a. Parts a and b, respectively, of
Figure 12 show the two kinds of tetrahedral chains
viewed along the [001] direction. If these chains alter-
nate in an ordered way along the [010] axis, a 2-fold
brownmillerite superstructure along b is obtained, as
indicated in Figure 12c. In this structure, tetrahedral
chains are related by a displacement vector of 1/, [111],
as schematically shown in Figure 13a. A similar shift
could be expected when the two Kinds of tetrahedral
chains are present, i.e., a displacement vector of /4
[221]—considering the described superstructure along
b—as shown in Figure 13b. Indeed, in Figures 8 and 9,
displacements of the periodicity of about /4 in the
perpendicular direction to a are observed every 8.4 A
or half a brownmillerite unit cell, but they are randomly
arranged. This can be better understood in Figure 14,
where random displacements of the tetrahedral chains
have been represented, from right to left along a with
respect to the layer immediately below, giving rise to
cumulative translations.
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Figure 13. Schematic representation of the tetrahedral
stacking layer along a in (a) brownmillerite, 4a, x ax/2 x
aC«/Z\,/and (b) the brownmillerite superstructure, 4a; x 2acv/2
X acv 2.

Figure 14. Hypothetical schematic representation showing
disorder in the stacking of the tetrahedral layers along the a
direction.

The proposed model not only explains the superstruc-
ture along b and disorder along a, but also the fact that
the superstructure is only observed along certain direc-
tions, which are effectively those where tetrahedral
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Figure 15. Magnetic susceptibility vs temperature for Sr,-
CuGaOs.
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Figure 16. 1/y vs T for Sr.CuGaOs. The inset shows the ®
value.

rotation can be detected, as along [021] and [023] but
not along [011] and/or [010], where the contrast pro-
duced by the two kinds of chains is the same. In the
case of the [100] zone axis, although the two kinds of
tetrahedral chains can be theoretically distinguished,
it is worth mentioning that since they alternate along
a with octahedral layers, the different contrast produced
by the two kinds of chains is combined with the contrast
produced by octahedral layers, which must be prevalent.
However, the double periodicity along b is observed. At
this point, it is worth recalling that XAS experiments
suggest a highly distorted CuOg octahedral environ-
ment. Such a distortion could lead to slight copper
displacements from its ideal position, giving rise to a
double b parameter. Along a, the distorted Cu layers
must be compensated by the intermediate Ga tetrahe-
dral layers. These two effects would be added to the
above description of the tetrahedral chains, enhancing
the contrast observed along the [100] zone axis.
Finally, susceptibility measurements indicate a para-
magnetic behavior (Figure 15) as could be expected due
to the loss of 2D CuO; planes. On the other hand, the
calculated moment in the paramagnetic region (150—
300 K), taking into account the Curie—Weiss law, is 2.5
uB, close to the theoretical one, 2.83 uB, if only Cu''' is
considered to exist. This result is consistent with the
oxygen content determined by thermogravimetric analy-
sis (TGA). The anomaly observed around 60 K is more
clearly seen when 1/y is plotted vs T (Figure 16). This
could be related to a small antiferromagnetic component
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since the Curie temperature, ® = —19 K, obtained by
from the 1/x plot, is negative, as observed in the inset
of Figure 16. Such a behavior could be related to a
structural transition involving the distortion of [CuOg]
octahedra.

Concluding Remarks

The n = 1 term of the GaSr,Ca,-1CunOz,+3 homolo-
gous series of superconducting materials, with a Sr,-
CuGaOs composition, has been stabilized. High-pressure
synthesis together with an oxidizing agent was needed
to stabilize Cu''. A brownmillerite-related superstruc-
ture is proposed for this new material. Doubling of the
b parameter is suggested from the microstructural
study, probably due to an ordered alternation of two
kinds of tetrahedral chains, related by a 180° tilt. The
superstructure is, then, only detected along directions
in which rotation of the tetrahedral chains can be
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distinguished, such as [100], [021], and [032]. The
stacking of these layers along a does not happen in an
ordered way, but involves random displacements, lead-
ing to disorder along this direction. An XAS study
reinforces the structural analysis suggesting Cu in
octahedral coordination and Ga in tetrahedral sites.
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