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Abstract

We have performed an investigation of the structural, microstructural and magnetic properties of the new compound IrSr,GdCu,Os.
The sample was prepared under high temperature (~1393 K) and high-pressure conditions (~60 Kbars) in a Belt type apparatus. X-ray
diffraction (XRD) analysis shows that this irido-cuprate is isostructural with the corresponding Ru-1212 phase. Structurally, this
material shows an interesting hierarchy of ordering phenomena, whose observation actually depends on the technique used to analyze the
material: from a “simple” cell a, x a, x 3a, which is supported by XRD, through a *“diagonal” one, ~\/§ap X ﬁap x 3ay, as seen by
SAED, to a microdomain texture of this last one cell supported by HREM. A ferrimagnetic Ir™Y*—Gd™" spin ordering is observed below

15K. The iridium oxidation state seems to be +4.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

There has recently been an important research activity in
a series of materials loosely called ‘“‘ruthenates” or
“rutheno-cuprates” of general formula RuSr,RECu,Og
[1-5] where RE is a rare-carth trivalent cation. These
formally derive from the classical Ybco superconductor,
Ba,YCu307 which, taking into account its structural and
physico-chemical characteristics, is best formulated [6,7] as
YCuBa,Cu,0;. These materials can be described by
replacing the tetracoordinated square planar copper
[Cu—0y4] in the “‘chains”, forming the ‘“‘charge reservoir
layer”, for octahedral [M—Og] groups that form a
perovskite-like layer in the basal plane of the unit cell.
The earliest of these materials [8,9] which have M = Nb or
Ta, where just semiconducting; however, the ruthenates
have been shown to be both magnetic and superconducting
[1,10,11] two properties that are usually consider antagonic
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[12] (see however Refs. [13,14]). Because of this, magnetic
susceptibility of the ruthenates shows a peak at T~150 K
followed, in decreasing the temperature, by a super-
conducting signature at ~30K. This temperatures, in
particular T, seem to depend very much of the synthesis
conditions and it is not uncommon to obtain
samples which are not superconducting. Under such
circumstances, it is obviously not surprising that a number
of studies have been dedicated to modify the composition
of RuSr,GdCu,0g4 so as to improve these properties [15]
(see Ref. [15] and references there in). At room pressure
one can in fact only obtain the materials with Sm, Eu and
Gd and most work has been performed in the last one. Yet
we have recently shown (Ruiz Bustos et al. [15-17]) that at
high pressures and temperatures, the majority of the rare-
earth elements can be introduced in the structure
[15-17,22-25]; even more, the Y-case, i.e. RuSr,YCu,Og
appears to be the material showing the higher temperature
of the family, T.~51K [16,25]. A number of partial
substitutions of the Ru or Sr atoms have also been
performed, and Sn [18] and Cu [19] in the place of
ruthenium seem to be the more effective in increasing 7.
Recently Ru partial substitutions by Ir have been
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performed [20,21] and it appears that this supressess both
the superconducting and the magnetic transitions as the Ir
content is increased, above 20%.

The complete substitution in the Ru position, that is
replacement, has however been less frequent. We have
recently obtained a series of, non superconducting, phases
of general formula CrSroRECu,0g [15,22], where Cr
appears to be in the Cr(IV) oxidation state.

We report in here the synthesis, structural and micro-
structural characterization and magnetic properties of a
new IrSr,GdCu,Og compound that we have obtained at
high pressure and temperature.

2. Experimental

Samples were prepared in a two-step process: a mixed
Sr—Cu oxide of the appropriate stoichiometry was prepared
according to

SrCO;3; + CuO — SrCuO, + CO», ()

by heating at 1323 K in air for 3 days. Then, this precursor
was thoroughly mixed with the appropriate amounts of
Gd,05 and IrO, oxides (AR, Sigma Aldrich) placed within
a platinum capsule and treated in a Belt-type apparatus
according to

2SrCuO, + %RE203 + IrO, + %Oz — IrSr,RECu,0g, (2)

where in analogy to the ruthenates and chromates, oxygen
is taken from the atmosphere [15,22] within a grid of
60+20Kbar, 14004+200K and 60 +30min; the best
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conditions to obtain the material are 60 Kbar, 1373 K
and 90'.

The samples have been characterized by means of X-ray
diffraction (XRD) powder diffraction performed in a
Siemens D-500 diffractometer (CuKo source, Ni filter).

The XRD patterns were refined with the Rietveld
procedure using the fullprof program [26]. As a starting
model we used the structure previously reported by Attfield
et al. for RuSr,GdCu,05. Backgrounds were fitted using a
linear interpolation and peak shapes were modelled by a
pseudo-Voigt function.

The sample composition was checked by EDS (Link
Pentafet 5947 Model, Oxford Microanalysis Group) in a
Transmission Electron Microscopy (TEM) (Jeol JEM
FX2000) by in situ observations.

High-resolution TEM and SAED were performed on a
Jeol JEM 3000 EX microscope.

Magnetic susceptibility measurements were made at
different magnetic field strengths over the temperature
range 1.9-300K, wusing a Squid Quantum Design
XL-MPMS magnetometer in zero field cooling (ZFC)
and field cooling (FC) conditions. The variation of the
magnetization as a function of the magnetic field was
measured in the field range from —5 to 5T at 2.5, 7 and
12K.

3. Results and discussion

The XRD of the sample, Fig. 1, did show the presence of
a pattern that, by analogy with the rutheno-cuprates and
chromo-cuprates, can be indexed as IrSro,GdCu,Og.
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Fig. 1. Rietveld refinement fit of the X-ray diffraction data for (1) IrSr,GdCu,0g. Sr3IrCuQOg (2) and SrCuO, (3) are present as impurities.
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Table 1

Refined cell and atomic parameters and agreement factors for the IrSr,GdCu,Og with space group P4/mmm

T (K) a(A) ¢ (A) V(A Ryp Ry 7
298 3.8460(1) 11.5301(7) 170.55(1) 0.0727 0.0548 1.84
Atom Site X y z Uso (A?) Occupancy
Ir 1(b) 0 0 0.5 0.023(2) 1

Sr 2(h) 0.5 0.5 0.3094( 4) 0.007(2) 1
Gd 1(c) 0.5 0.5 0 0.008(1) 1
Cu 2(g) 0 0 0.1466( 6) 0.003(2) 1
o1 3(s) 0.07(2) 0 0.345(3) 0.025 0.25
02 4(%1) 0 0.5 0.139 (2) 0.025 1
03 4(0) 0.130(9) 0.5 0.5 0.025 0.5

As often observed in H.P. samples of multi-cationic
materials, some minor impurities, below 10%, appearing
were identified as Sr3IrCuOg (~6%) and SrCuO, (~3%).
These were taken into account in both the refinement and
magnetic properties [27-29]. A couple of very low intensity
reflections could not be accounted for.

The metallic compositions of the three materials were
confirmed by EDS in the electron microscope.

3.1. Crystal structure

The Rietveld refinement of the XRD data, Fig. 1;
indicates that the average crystal structure of IrSr,Gd
CuyOs is tetragonal, space group P4/mmm, with para-
meters a = 3. 8460(1)A c=11L 5301(2)A ¢/a =3.013 and
V = 170.55 A3. This new material is then isostructural with
the corresponding Ru-1212 phase [15], whose parameters
are a=3.8276(3)A, c¢=11.5364(3)A, c/a=3.014 and

= 168. 017(1)A3 These values are on line with the bigger
size of v ! riravy = 0.625 A) than that of Ir¥(V! Firyy =
0.57 A) to the average radius of Ru in RuSrzGdCuzOg,
where it has been shown [30] that there is a 60% Ru" and

40% Ru'Y ratio, giving an average ratio of
VIA6E _ 058 A

Table 1 gives the refined cell and atomic parameters as
well as the fit agreement factors for IrSroGdCu,0Os. In the
course of the refinement, we did take into account the usual
splitting of the O(1) and O(3) positions observed in this
structure [31]; the atomic thermal displacements, Ui,
corresponding to all oxygen ions, were fixed. Fig. 2 shows
the crystal structure where the splitted positions of the
above mentioned oxygen ions are apparent. On the other
hand, Table 2 gives the interatomic distances and angles for
this new Ir-1212 compound.

Neutron diffraction would be needed to fully establish
the oxygen content; yet, all the 1212 materials obtained
with ruthenium or chromium does not seem to show
oxygen substoichiometry [5,22].

3.2. Magnetic properties

The susceptibility data shown in Fig. 3 follow a
Curie-Weiss behaviour, y = C/(T — 0), in a wide range

of temperatures, 15-300 K (see the inset on that figure) and
the obtained magnetic moment takes the value of 8.14 ug
with 6 = —=7.3K. For Ir¥ ([Xe]6s’4f**54"), three types of
electronic configurations are possible: in a weak octahedral
field a high spin configuration tgge}g is expected; on the
other hand, in a strong octahedral field such as in the
present work a low spin configuration tégeg takes place; on
the other hand, in a strong tetragonal field an anisotropic
electronic distribution (di, d}z, dgy do dxz_yz) can eventually
be obtained [32]. Due to the large enhancement of the
oxygen crystal field in the 5d series [33], the low spin
configuration (t‘z‘geg) is to be expected.

The magnetic moment arising from this particular
configuration is very much dependent on the spin—orbit
coupling, giving as a result a characteristic temperature-
independent paramagnetism arising from the non-degen-
erate ground term of IrY. Consequently Ir" ions will not
contribute to the cooperative magnetic interactions [34,35]
and this could explain why no magnetic ordering has been
observed in for example some double perovskites of the
type Ba,RIrOg [36], where the octahedral sites are
randomly occupied by Ir¥ and the rare-earth trivalent
cation R,

Below 40K, the observed—see inset on Fig. 3—down-
wards deviations from linearity in the reciprocal suscept-
ibility can be attributed to incipient magnetic interactions.
It is worth noting that at 15K there is a shoulder in the
susceptibility; this is indicative of an ordering transition,
after which the y still increases. This Curie-Weiss
behaviour deviation could be explained assuming that
not all Ir ions are pentavalent, and that, in analogy with the
ruthenate there would be at the most a mixture of Ir¥ and
Ir"Y (see Refs. [11,30]).

However for the experimental moment of 8.14 ug, and
considering that the gadolinium-free ion moment is 7.94 ug,
the expected iridium moment is 1.79 ug which corresponds
in fact to the theoretical Ir"Y moment [37].

If iridium is, indeed, tetravalent, for the comp-
osition IrSr,GdCu,Oyg it will be analogous to the case
of Cr in CrSr,GdCu,Og [15,22], then, the copper oxida-
tion state will be Cu''Cu', with an average oxidation
state of Cu®°". This is away from the experimentally
observed superconducting range for the cuprates
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Fig. 2. Crystal structure of IrSr,GdCu,Og: Note that the apical O(1) and
equatorial O(2) ions are splitted into four and two positions, respectively.

Table 2

Some interatomic distances and angles in the IrSr,GdCu,Og structure

Distances (/OX)

Angles (deg.)

Cu-O(1) x 1 2.30(4) O(1)-Cu-0(2) 91(2)
Cu-0(2) x 4 1.9250(9) 0(2)-Cu-0(2) 89.88(4)
Ir-O(1) x 2 1.81(3) 0(2)-Cu-0(2) 174.78(4)
[--0(3) x 4 1.987(9) O(1)-Ir-O(1) 180
Gd-0(2) x 8 2.50(1) O(1)-Tr-0O(3) 82(2)
Sr-O(1) x 2 2.57(5) 0(3)-Ir-0(3) 90
St-O(1) x 2 2.94(5) 0(3)-Ir-0(3) 180
Sr-0(2) x 4 2.73(1) Cu-O(1)-Ir 165.2(14)
Sr-0(3) x 2 2.618(4) Cu-0(2)-Cu 174.78(4)
Sr-0(3) x 2 3.27103) Ir-O(3)-Ir 151(1)
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Fig. 3. Magnetic susceptibility (AC mode) as a function of temperature;
notice the shoulder at ~15K. In the inset the inverse of the magnetic

susceptibility (DC mode) as a function of temperature is presented. It
shows a Curie-Weiss behaviour.
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Fig. 4. FC and ZFC measurements of the magnetic susceptibility as a
function of temperature. Irreversibility is clear.

(~2.05-2.25) [38]. In the case of RuSr,GdCu,Og, an
internal so-called self-doping mechanism Ru) Ru!lY =
Culllﬂ—l-xCuﬁlxIl is supposed to operate making an
intermediate average oxidation state for copper that
induces superconductivity [11]. This could explain
why, unlike the ruthenium compounds and like the
chromium ones, we do not observe superconductivity in
this iridate. Even more, if a similar situation operates in the
recently studied substitution of Ru by Ir in
Ru;_,Ir,Sr,GdCu,0yg [20,21], that is if Ir enters as Ir'Y, it
will increase the Cu'™ concentration above the super-
conducting range and will suppress the supercondu-

ctivity, as observed by Andrade et al. [20] and Torikachvili
et al. [21].
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Fig. 5. The M vs. H curves at different temperatures below the transition point. Hysteresis appears at 2K (see inset).

Below 15K the susceptibility is field dependent, Fig. 4,
and a marked irreversibility is observed when the FC and
ZFC plots are compared. This phenomenon is character-
istic of ferromagnetic interactions [39].

Hysteresis loops from —5T to + 5T have been measured
at different temperatures below the Curie one, see Fig. 5. A
characteristic cycle for a ferromagnetic material is obtained
at 2K, with a remanence as low as 0.02 ug and a coercive
field which takes the value of 100 Oe (see inset Fig. 5). This
could be fully explained by considering the isotropic
character associated to the 857/2 ground term of gadolinium
where the orbital angular contribution is zero.

From the M vs. H curves, Fig. 5, the value of the
magnetization at the higher magnetic field, 5T, is 5.2 ug;
this is smaller than the theoretical value expected for the
Gd’" ion: w(Gd**) = gJ = 7ugp- A ferrimagnetic ordering
between Ir*" and Gd®" sublattices seems to be present
that will justify this moment. This will be in agreement with
the saturation moment expected for a two collinear
sublattices model with ordered magnetic moments of 7 ug
for Gd* " and something higher than 1 ug for Ir** (due to a
spin orbital contribution); the coupling between those two
sublattices will result in an overall ferrimagnetic order, with
a calculated moment of ~5.8 up that agrees rather well with
the value of 5.2up obtained at saturation for this
compound.

3.3. Structural details

3.3.1. The copper pyramid

From the distances presented on Table 2 one can see that
copper sits in a square planar pyramid; from the
Cu-0O(2)—Cu angle, of 174.8°, we infer a buckling angle

of 2.6°. This is indeed almost planar, close to what is
observed in the mercury cuprates. Interestingly, this differs
substantialy from the Ru and Cr cuprates where this angle
was 168.7° [15,31] and 166.3° [15,22], respectively.

As for the copper—oxygen distances, the equatorial ones,
1.93 A, are comparable to what is observed in this type of
cuprates (c.f. 1.913A for CrSr,TRCu,05, 1.92A for
RuSr,TRCu,0Og and 1.91A for Ybco.) This shows that
the copper—oxygen plane is quite stiff in the bonding
distances and rather flexible in the bonding angles, an
interesting situation. .

On the other hand, the apical distance 2.30 A is similar to
that observed in Ybco (see Fig. 3 in Ref. [22]). The pyramid
is then an elongated one, 7,/ = 2.30/1.93 = 1.19 (c.f 1.20
in Ybco)

3.3.2. The Ir—O polyhedron

It is also interesting to note that the [Ir-Og] octahedron is
a rather flattened one: the apical-to-equatorial ratio being
Faje = 1.81/1.99 = 0.93. The [Cr'Y—Og] octahedra were less
flattened, r,/. = 0.97, while the [Ru-Og¢] octahedra in the
rutheno-cuprate was almost regular, r,/. ~ 1. As is the case
of Cr'V—a & ion—Ir"Y (&) is a Janh-Teller ion. One is
then tempted to attribute this flattening of the octahedra to
a Janh-Teller effect on the #,, electronic configuration. Yet,
in this lower orbitals the Jahn-Teller effect is usually very
small, even non-existing [33,40]. It is interesting to mention
that when [Ir* " —Og] octahedra are located in Sr>IrOy, with
the K,NiF4-type structure, obtained at room pressure, the
octahedra is elongated, r,/. = 1.04 (see Ref. [41]) which is
opposite to what is seen here. Yet, we have to recall that,
our material has been obtained at high pressure.
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The octahedra are rotated ~14.8° around the c-axis
which is comparable to the rhutenate and chromate. There
is also a tilt of the octahedra away from the c-axis that can
be obtained from the Ir-O—Cu angle, 165.2°, higher than in
the chromate, 168.6°, and much higher than in the
ruthenate, 173.2° when the tilt angle is the smallest. Due
to the splitting of the O(1) position, this octahedral tilt is
randomly distributed around the four possible positions
shown on Fig. 2. This may have some consequences in the
microstructure, see below.

3.4. Microstructure

Electron microscopy and diffraction, however, gave a
more detailed view of the structure. The electron diffrac-
tion pattern in Fig. 6 shows a series of strong spots that can
be indexed on the basis of the [001], axis of a simple
perovskite cell. This is the substructure common to these
types of materials. Besides, one can also observe some,
somewhat weaker, spots indexed as //2 k/2 0, which suggest
the presence of a so-called diagonal cell ap\/2 X aj,
\/2 X nay; this is characteristic of many perovskite struc-
tures [42] or superstructures [31,43,44] when there is an
octahedral tilt. If the tilt is regularly ordered within the
crystal, the corresponding maxima can be observed in
X-ray or neutron diffraction; however, if this tilt is not
long-range ordered one can only see the diagonal cell by
means of electron diffraction. Moreover, when the
perovskite axial ratio is close to the ideal value of 3,
microdomains are formed in which the long superstructure
axis, in this case 3a, is randomly distributed in one of the

Fig. 6. Electron diffraction pattern of IrSr,GdCu,Oyg along the perovskite
[001], zone axis. Two threefold superstructures are present. Also there are
spots at /1/2k/10 (h and k odd). See text for details.

three space directions. This seems to be what happens in
here, Fig. 6, in observing the spots present at 4/300 and
0%/30 that treble the a* and b* perovskite axis. The whole
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Fig. 7. A high-resolution electron micrograph showing a three-dimen-
sional microdomain texture. The long c-axis of the supercell
(¢ =3ap,~11.5 /OX) is randomly distributed in the three space orientations:
(a) Fourier transform of domain A, (b) Fourier transform of domain B
and (c) Fourier transform of domain C.
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Fig. 8. Schematic, somewhat idealised, microdomain texture of IrSr,Gd
Cu,Og: (a) single domain and (b) multi-domain crystal.
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situation is clearly confirmed by the corresponding electron
micrograph appearing in Fig. 7a. Microdomains are
observed in which the long c-axis (d ~ 11.5 A) alternates
at random in different regions of the crystal, along the
three space directions.

Moreover, the Fourier transform of each of the different
regions gives the corresponding pattern: zone axis [110]
{>[010], (Fig. 7b), [1_10]3<>[100]p (Fig. 7¢) and [001],
<(>[001], (Fig. 7d) where subindex s refers to the
dp/2 X apy/2 x 3a superstructure and subindex p refers to
the basic perovskite cell (a, ~ 3.8 A); on the other hand, a
combination of the three Fourier transforms gives,
obviously, a pattern similar to the electron diffraction
pattern in Fig. 6. A schematic representation of the
microdomain situation is shown in Fig. 8. Fig. 8a shows
a single domain and Fig. 8b shows the multi-domain
crystal.

4. Conclusions

A new irido-cuprate material has been prepared at high
pressure and high temperature. It shows the Ybco structure
with the square planar [Cu—Qy4] replaced by [Ir—Og]
octahedra. Ir appears to be tetravalent while copper is
mixed valent: Cu®°". The octahedra are substantially
tilted with respect to the regular perovskite structure and
this seems to be related to the very interesting three-
dimensional microdomain texture observed.

A ferrimagnetic ordering of the Ir and Gd sublattices is
present. This seems to be the first example of ferrimagnet-
ism in the M-1212 family of cuprates.

Neutron diffraction experiments, using the '*°Gd iso-
tope, are planned to confirm this model and establish the
magnetic structure of this very interesting mixed oxide.
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