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In this work, a theoretical study of the electrical properties of the Bi,_,Sr,Ir,07 (Bi,_,Sr,Ir,01602) a-
pyrochlore-type solid solution is presented. Quantum ab initio DFI{WIEN2k) calculations were performed
in order to understand the electrical resistivity changes associated to the Bi substitution by Sr in this
system. The main crystallographic modification associated to this substitution is the x position of the 48f
oxygen (x, 1, %) (01); this substitution substantially modifies the Bi/Sr-O1 and Ir-O1 atomic distances,
increasing t)ile former and diminishing the latter. Experimentally, the Bi,_,Sr,Ir,07 samples are metallic
and the electrical resistivity increases with the Sr content. Electronic structure calculations for BiyIr;07
and BiSrIr,0; show that, regardless of structural changes, there is only a small change of electrical
conductivity with the Sr substitution, and the experimentally observed increase of the resistivity can be
explained in terms of a larger impact on the electronic structure of both; the Sr ‘impurities’ as well as of
the thermal Sr oscillations.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

Transition metal oxides adopting the crystal structure of a-
pyrochlore show a wide variety of physical phenomena such as
colossal magnetoresistance [1], metal-insulator transitions [2,3],
and a complex magnetic behavior that arises from the non-colli-
near geometric arrangements of the magnetic moments. More
recently a topological insulator behavior has been suggested for
the A,Ir,0; system (A=Y or rare-earth element) [4,5]. Physical
properties exhibited by a-pyrochlores have introduced new con-
cepts in condensed matter physics as order-by-disorder [6,7], spin
ice [8-11], cooperative paramagnetism [12], and others [13].
Magnetic oxides crystallizing in the pyrochlore crystal structure
represent a kind of intriguing system in which their magnetic
behavior is strongly dependent of the geometric arrangement of
the magnetic moments, where magnetic frustration and non-col-
linearity of the magnetic moments play an important role [14].
Despite this complexity, several a-pyrochlore systems have been
used in oxygen reduction reactions as electrocatalysts substituting
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Pt [15,16], solid oxide fuel cell electrodes [17], and as a thermal
barrier coating [18,19].

Electronic conductivity of the pyrochlore oxides, A,M,07 (M is a
3d, 4d or 5d transition metal), has been understood in terms of the
t>g-block bandwidth and factors that can modify the overlap be-
tween the d-metal and the 2p-oxygen orbitals (the M-O and A-O
distances and the M-0O-M angle) [20]. Using this criterion, contrary
to the experimental measurements, the Bi,Ir,O; pyrochlore is
expected to be a better conductor than Bi;Ru,0; [20-24]. This
difference remarks the importance of understanding the electrical
properties of 4d- and 5d-metal oxide systems, associated to their
band structure. In this regard, Bi;Ru,07 and Bi,Ir,05, both of them
metallic and isostructural, are different; the metallic behavior of
the former originates from the extended character of the Bi-6p
band [25,26], whilst in the latter the metallic state arises from the
Ir-01 sublattice [27].

Considering the A cations in the AyIr,0; system, when A=Gd,
Tb, Dy, Ho, Yb and Y, these pyrochlores exhibit a semiconducting
behavior, while for A=Pr, Nd, Sm and Eu, they were found to ex-
hibit metallic behavior [3]. Particularly, when the 4f A-cations are
involved in the crystal structure, and due to their localized char-
acter, only the 5d-Ir and 2p-O1 electrons are responsible for the
electronic conductivity. An especial situation results with A=Nd,
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Sm, and Eu, in which a second-order metal-insulator (M-I) tran-
sition occurs [15]. The lanthanide contraction plays an important
role and as the A cation becomes smaller, the Ir-O distance in-
creases and the 5d-2p overlap is smaller, the t,; bandwidth be-
comes narrower and eventually the compounds become insulators
[2,28].

Early experimental studies on the R,Mo0,0; (R=rare-earth
element) pyrochlore showed good correlation between the R>*
radius, the crystallographic cell constant and the insulating or
metallic character of this series [3]. In addition, ferromagnets were
found to be metallic while paramagnets were insulating [29,30].
Electrical behavior of RyIr,07 is closely related with the overlap
between the Ir-5d and the O-2p orbitals, and in this way the
metal-insulator transition can be intuitively explained in terms of
the R ionic size [3]. The same situation seems to appear in the
A>Mo0,07 system that shows a M-I transition as a function of the
A3* ionic radii [29]. On the basis of single-crystal measurements,
Qi et al. [31] have suggested the existence of an exotic ground state
for Bi,Ir,0-. Electronic properties of this system and other iridiates
as Naylr30g have recently attracted much attention [32-34] due to
their intriguing properties.

Band structure calculations on the A,Ir,0, system have shown
that the crystal field effect associated with the A-site ion plays an
important control parameter for the M-I changeover [25]. As
previously shown [27], there exists a deviation from the ideal
(undistorted) IrOg octahedron crystal field splitting for Ir*+, but
the system preserves its original metallic character due to the
wide bands. The main contribution to the density of states at the
Fermi energy (Er) comes from the Ir,01¢ sublattice, this assertion
is valid in the 0 <y <1 range. However, the experimental elec-
trical resistivity of samples does depend on, and increases with,
the Sr content [27]. Our aim in this work is to provide an ex-
planation of the experimental electrical resistivity behavior of the
Bi,_,SrIr;07 solid solution [27]. This explanation is given by
means of electronic structure calculations, and the thermal vi-
brations of atoms by a simple harmonic oscillations model of
springs and masses.

2. Calculation details

Electronic structure calculations on the Bi,_,Sr,Ir,0; (y=0, 1)
systems were done with the WIEN2k code [35]. WIEN2k is a full
potential-linearized augmented plane wave ( FP — LAPW) method
based on Density Functional Theory (DFT). The generalized

gradient approximation of Perdew et al. [36] was used for the
treatment of the exchange-correlation interactions. For the num-
ber of plane waves the used criterion was R,(,',’}” (muffin tin radius)
x K™ (for the plane waves)=9. The number of k-points used was
10 x 10 x 10. The energy convergence criterion was 104 Ry.

In the relaxation time approximation framework, the electrical
conductivity (g, = 1/p,, in the a direction, where p is the resistivity)
is [37-39].

2 70 dA Twl%
O-a_(e/ )T/Va a_4ﬂ_' (‘1)
where y, is the electron velocity (=1/# de/dk,, the last term, de/dk,,
is the slope of the band, and is evaluated at e=Ef), A, is the area
perpendicular to ,,  is the volume of the unit cell, 7 is the re-
laxation time, w, is the plasma frequency and it can be calculated
with the WIEN2k (using the OPTIC and JOINT subprograms), but for
this calculation a much finer mesh, 27 x 27 x 27, is needed ([40]
Section 8.17). The integral of Eq. (1) contains the terms that are
related to the band structure of the ideal crystal. The relaxation
time, 7, introduces the effect of the ‘imperfections’ of the crystal,
i.e.,, the more imperfections, the shorter 7 is. In turn, = has two
terms that contribute in the following way [38].

1/1’ = 1/Td + l/Tph' )

where 74 is due to defects. The other term, 7p, is the phononic
contribution due to the thermal oscillations of the atoms; these
oscillations increase with temperature, thus 7,, is shortened. In
terms of the resistivity there are two corresponding terms:

p=1/6=pd+pph. 3)

3. Results and discussion

In the A,Ir,0; pyrochlore, A=Bi,_,Sr, (Fig. 1A), there are two
substructures of tetrahedra, Irs»01¢ and A4;0, (Ir and A are
shared between two tetrahedra, Fig. 1(B) and (C)). Each of these
substructures forms the three dimensional version of the Kagome
structure. At the center of the two Ir tetrahedra there is an iridium
atom surrounded by six oxygen atoms forming a distorted octa-
hedron IrO14, which can also be seen as a trigonal antiprism. This
antiprism changes with doping, from a flattened for Bi; _,Sr,Ir,0,
y=0 (BixIr,01¢02), where the 0*-Ir-O® angle (0¢ and O" belong to
different tetrahedra, see central Ir in Fig. 1(C)) is 6 ~ 83°, to an
elongated one for y=0.9, with ¢ ~ 97° [27]. For an intermediate

Fig. 1. (A) Primitive cell of the crystal structure of a-pyrochlore, A;,B,01502 (which contains two formula units, in this case BiIr,01¢02 ( x 2), Bi is partially substituted by
Sr). (B) A202 ( x 2) sublattice (C) Ir,01¢ ( x 2) sublattice. (D) A-Ir tetrahedron (A-O1 bonds were added for clarity). The positions of the atoms were shifted by 1/2,1/2,1/2 so

that the Ir4O1¢ tetrahedra and the IrO1g trigonal antiprism would be clearly visible.
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composition, y~0.5, IrO1g would form an undistorted octahedron
(60~90°). This trigonal antiprism deformation is claimed to lead to
topological insulator behavior [4,5] in Y,Ir,0,, but the present
system exhibits wide bands and this deformation has little effect.

Although O1 is in the Ir tetrahedra, O1 is also inside of a tet-
rahedron made of two A and two Ir atoms (see Fig. 1(D)). As pre-
viously reported [27], O1 moves towards the Ir atom as a function
of the Sr content. This is consistent with a theoretical structure-
property model made by Koo et al. [20]. In their paper, they argue
that in each mixed A,B,O tetrahedron, as those present in the
pyrochlore structure, when A (Bi) is replaced by a larger cation,
such as Sr, the oxygen atom, O1, moves towards the other cation B
(Ir). The Bi®* and Sr?* ionic radii (CN=8) are 1.17 A and 1.26 A,
respectively [41].

Besides the structural distortion, the substitution of Bi** by
Sr?* is supposed to change the oxidation state of Ir*+, to maintain
the electroneutrality of the Bi,_,Sr,Ir,0; system. On the other
hand, there is the possibility to generate some oxygen vacancies
[42,43].

In the ruthenium pyrochlores Bi,_,Ln,Ru,0; (Ln=Pr-Lu) [24], a
M-I transition is observed as function of the x composition
(x ~ 1.2 — 1.4) and of the crystallographic parameters [26]. For the
metallic systems, A,Ru,0;, A=TI*, Pb?* and Bi**, the main
structural difference with those nonmetallic compounds is the Ru-
01 bond-distance value (less than 2.00A), and the Ru-O1-Ru
angle ( 0 > 132.5°) [26], larger than the observed in the semi-
conducting oxides. However, in Ir pyrochlores the thermal varia-
tion of the resistivity has been associated to the ionic radius and
the lattice parameter. For metallic Ir pyrochlores, the ionic radius
of the A atom needs to be larger than 1.08 A and the lattice
parameter larger than 10.25 A [2,3]. In a previous work, we have
shown that for the metallic Bi,_,Sr,Ir,0; system the electrical
resistivity is an almost linear function of the Ir-O1 bond distance
[27]. What is puzzling in this system is that the resistivity in-
creases with the shortening of the Ir-O1 bond, which is the op-
posite trend observed in the above-mentioned ruthenates.

Fig. 2 shows the resistivity measurements as a function of
temperature (p vs. T ) of the Bi,_,Sr,Ir;,0; system. These mea-
surements and sample preparation were previously reported [27].
The resistivity measurements were performed in sample bars of
5 x 2 x 2mm?> using the four-probe method, the applied current
was 10 mA. The measurements were performed into a closed-cycle
cryocooler. p(T) curves show an almost linear behavior with a
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Fig. 2. Temperature dependence of the experimental electrical resistivity for the
Bi,_,Sr,Ir,07 compounds, with 0.0 <y < 0.9 [27]. Note that the residual resistivity
and the p(T) slope increase with the Sr content in all samples.

positive slope (dp/dT > 0). This, in terms of electronic structure,
means that there is no gap in the density of states at Er. In this
system, both the resistivity and its slope increase with the Sr
content. As the Sr content increases there is a shortening of the Ir-
01 bond distance (Fig. 1(D)) and the O*-Ir-O" angle also increases
[27]. The conductivity is expected to increase, which is contrary to
the observed trend in the experimental measurements. As men-
tioned above, in pyrochlore ruthenates the conductivity indeed
increases.

To analyze these experimental results for the Bi,_,Sr,Ir,07
system, electronic structure calculations were done for (A) y=0
(BiIr;07, ‘Biy’, with cell parameter a=10.3121 A, where the dis-
tance of O1 from the center of the tetrahedron is x=0.206 cell
units (cu)) and (B) y=1 (BiSrlr,0, ‘BiSr' a=10.3336 A, Of1:
x=0.183 cu), this is an extrapolation from the y=0.9 experimental
case [27]. In the last system, half of the Bi atoms are substituted by
Sr, this should have been done in a random way. To model this, a
large supercell would be needed (the primitive cell has 22 atoms),
and the calculation would be quite computer-consuming, specially
for the electrical conductivity calculations. For these reasons the
substitution was done in the primitive cell. As it will be seen be-
low, the Bi,02 subsystem contributes little to the DOS at Er (inset
of Fig. 3B), and the Bi-Sr ordering would weakly affect the bands in
this energy region; then two of the Bi atoms, among the four in the
primitive unit cell, were replaced by Sr. This substitution reduces
the cubic symmetry SG 227 (F d-3m) to tetragonal SG 74 (I mma)
and now the z axis is not equivalent to the x and y axes. It also
implies two modifications, on one hand, the charge distribution
associated to the chemical substitution of Bi>* by the larger Sr2*
and, on the other hand, the change of crystal cell parameters due
to this substitution.

The calculations were initially spin polarized with spin-orbit
(SO) coupling correction. The SO mixes the up/down bands and
the number of bands in the band-structure doubles, although in
the present case the magnetic moment is very small and the band
splitting is ~107>eV, then the calculations were non spin
polarized.

For the ‘Biy’ system, the band structure (Fig. 3(A)) shows four
bands near Er, with an apparent gap at —0.5 eV and a large gap at
1.2 eV above Er. Three bands cross Er and the compound is a
conductor. The slope of the bands is proportional to the con-
ductivity (Eq. (1) and following), and it can be seen that most of
the bands have a large slope at Er. The Density of States (DOS, Fig. 3
(B)) shows that the main contribution at Er is due to the Ir and O1
atoms, with a small contribution from Bi and 02. In other words,
the Bi,02 sublattice contribution to the DOS is quite small (1/10
compared with the Ir,01¢ sublattice). On the other hand (Fig. 4A),
the ‘BiSr’ system has a band structure with similar slopes at Ep,
which is the relevant part for the electrical conductivity, although
the apparent gap below Er disappears and the gap above Er be-
comes an apparent gap. In this case the BiSrO2 sublattice con-
tributes even less (1/50 compared with the Ir,01¢ sublattice).

We can observe (Fig. 5), in going from ‘Biy’ to ‘BiSr’, that one
half of the Bi*>* are substituted by the larger Sr>*, thus Sr** pu-
shes 01 towards Ir (see the A,Ir,01 tetrahedron in Fig. 1(D))
shortening the Ir-O1 bond. As can be observed from the band
structure results, the bands at Er are more separated, but the slope
of the bands is similar. As a consequence, the electronic part of the
conductivity, f v,dA,, would be expected to be similar for both
compositions.

To investigate the effect of the Bi substitution by Sr on the
conductivity of the Bi,_,Sr,Ir,07 system, two intermediate com-
pounds were calculated: ‘Bi,-near’ and ‘BiSr-far’ (Fig. 5). (1) ‘Bix-
near’, in which only the crystal cell parameters are modified but Bi
is not replaced by Sr, i.e., ‘Biy’ is now calculated with the ‘BiSr’
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Fig. 3. (A) Band structure and B) density of states of BiyIr,0;, ‘Biy’. From these
figures, it can be observed that the compound is metallic with three bands crossing
Er. In the inset of panel B, the Ir+ 01 and Bi+02 contributions are compared; as it
can be seen Bi+02 contributes very little and the conductivity is mainly in the
Ir+01 substructure.

crystal cell parameters. In this intermediate compound, the crystal
cell parameters change only slightly (0.2% larger), but more im-
portantly, the O1 is considerably closer to Ir: 2.01 A for ‘Bi,’ and
1.87 A for the ‘BiSr’ case (7.5% shorter). (2) In ‘BiSr-far’, ‘BiSr’ is now
calculated with the ‘Biy’ crystal cell parameters.

In ‘Bi-near’, O1 has a larger Ir-O1 overlap compared with ‘Biy’,
which gives wider bands (Fig. 4(B)), this is difficult to see in I'-X
since these wider bands now cross between them, but in L-I" it is
clearer, a band that goes from —0.3 to +0.56 in ‘Biy’, now it goes
from —0.56 to +0.56 in ‘Biy-near’. As a consequence of the larger
width, there is a larger slope at Er. Additionally, four bands, instead
of three, cross Er. These two facts should give a higher con-
ductivity. When we substitute one-half of Bi by Sr in the ‘Bi,-near’
compound, then ‘BiSr’ is obtained. What could be expected is that
the bands would remain rather unchanged, but Er would shift
downwards. What we observe is that in the ‘BiSr’ compound the
bands become narrow again (Fig. 4(A)).

The reason to introduce ‘Biy-near’ and ‘BiSr-far’ is to separate
(a) the effect of the Ir-O bond shortening and (b) the Bi chemical
substitution by Sr on the electronic structure and in the

A BiSrIr, O,

N
- = // RY
\Z;B 0.0 f\ Y %R\BE}T
F = T
zZ>§x
=0 r ﬁx PXNQF %z

B Bi,Ir,O, near
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Fig. 4. Band structure of, (A) ‘BiSr’, the larger Sr atom enlarges the cell, but the
bandwidths and the number of bands crossing Er remain the same, the symmetry
now is not the same as in ‘Bi,’ I'-X splits into I'-X and I'-Z, for this reason the path
I-X-P-N-T in ‘BiSr’ is an equivalent path to I'-X-W-L-TI" in ‘Biy’, although it is not the
only one. (B) ‘Bi,-near’, due to the higher overlap of Ir-01, the bands widen; four
bands cross Er and the electronic component of the conductivity should increase.

—

conductivity. The electronic calculations of these two systems are
expected to dilucidate the two types of contributions to the elec-
tric conductivity in Eq. (1): those resulting from the relaxation
time effect, 7, and those from the electronic part,
I=(€°)7Q) [dA, = wj|4n.

To quantify these changes, the electronic part of the con-
ductivity equation, I, was calculated. The results are shown in
Table 1.

There is a correspondence between I and the widths of the
bands plus the number of bands crossing Er. When going from ‘Biy’
to ‘BiSr’, the bandwidths are almost the same and there is only a
moderate increase in I of 1.49, that is, the electronic resistivity is
reduced by 33%. This change in resistivity is associated only with
the effect of the chemical substitution of Bi by Sr.
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BiSr BiSr-far

Sr

Bi, -near
Ir-O1(x)

Fig. 5. Diagram of the modifications in the Bi,_)Sr,Ir,07 system that result from
the structural changes of the Bi substitution. Going to the right, the Ir-O1 distance
is increased (x); going up, Bi is replaced by Sr keeping x constant. To go from ‘Biy’
(BiIr,07) to ‘BiSr’ (BiSrIr,07) one has to go up and left. In the diagonal are the
experimental compounds, while in the two other corners are two hypothetical
compounds; ‘Biy-near’ (‘Biy” with ‘BiSr’ parameters) and ‘BiSr’-far’ (‘BiSr’ with ‘Biy’
parameters).

Bi,

Table 1

Electronic part of the con-
ductivity, 4 =1 (=w,), cal-
culated for the four systems
considered: Bi,, Biy-near, BiSr

and BiSr-far.
Compound mg (ev?)
Bi, 3.0974
Bi,-near 7.5627
BiSr 4.6082
BiSr-far 1.4295
4zl ratio

BiSr/BiSr-far 3.2237
Biy-near/Bi, 2.4416
BiSr/Bi, 1.4877

In the first step of Fig. 5, in going from ‘Biy’ to ‘Bip-near’, there is
a large increase in the bandwidths and the number of bands
crossing Er goes from 3 to 4; I increases by a factor of 2.44. This is
the effect of the Ir-O1 bond shortening. On the other hand, going
from ‘BiSr’ to ‘BiSr-far’, there is a larger reduction in I of 1/3.22.
That is, the overall effect of increasing the Ir-O1 bond distance is
that I is 32% larger in ‘BiSr’ than in ‘Biy’.

The main structural change in going from ‘Biy’ to ‘Bi-near’ and
in going from ‘BiSr-far’ to ‘BiSr’ is the movement of O1 towards the
Ir atom (Fig. 1(D)), and this can be taken as an estimate of the
effect of atomic vibrations on the electronic structure. In the first
case, ‘Biy-near’ to ‘Biy’, the I ratio is 2.44, while in the second case,
‘BiSr’ to ‘BiSr-far’, it is 3.22; and this can be interpreted as the Ir-O1
vibrations having a larger effect on the electronic structure of ‘BiSr’
than on that of ‘Biy". These results show that the electronic part of
the conductivity, I (see Table 1), goes in the opposite direction of
the experimental results (see Fig. 2); I has only a little increase as a
consequence of the Bi substitution by Sr. Observing Eq. (1), one
reasonable origin of the decrease of conductivity ¢, (increase of the
resistivity, p ) is the reduction of the relaxation time, 7 (Eqgs.
(1) and (2)), associated to the crystal imperfections linked to the Bi
substitution by Sr.

With respect to the effect of the crystal imperfections, the Bi by
Sr replacements can be regarded as impurities or crystal im-
perfections, but these are in the A,02 sublattice. This sublattice
contributes little to the density of states (Fig. 3(B)) and as a con-
sequence, this Bi by Sr replacement by itself should affect little the
conductivity, which is contrary to the observed experimental re-
sults (Fig. 2). The effect of this replacement on the electrical re-
sistivity can be understood in an indirect way: Sr perturbs O1 of
the Ir,01¢ sublattice. This perturbation has two components: one
static, in which the larger Sr ion pushes O1 towards Ir, and one
dynamic, in which the O1 oscillations perturb differently when Bi
is replaced by Sr. These two contributions have a large effect on
the band structure (Figs. 3(A) and 4(A) show the effect of replacing
Bi by Sr, Figs. 3(A) and 4(B) shows the effect of moving O1 in ‘Biy’).
The static term of resistivity, pq, increases the resistivity at T=0 K;
and the dynamic one, ppy, increases the slope (Fig. 2) of the re-
sistivity. With these two terms we will be able to explain the ob-
served temperature dependence of electrical resistivity of the
Bi,_,SryIr;07 system.

The static effect, when Bi is replaced by Sr, the electronic part of
the resistivity decreases by 33%, but this replacement introduces
impurities in the otherwise ‘perfect’ crystal, which would have
zero resistivity. This replacement has two effects; (a) Sr is larger
than Bi, which displaces O1 towards Ir, and (b) Sr has lower charge
than Bi. These two factors affect the Ir,01¢ sublattice, since the Sr
replacement is expected to occur in a random way, this introduces
disorder in the Ir,01¢ sublattice, reducing 7, (increasing p4, Eq.
(3)), this term corresponds to the residual resistivity (T=0), due to
defects in the lattice. In this way py increases with the Bi re-
placement by Sr.

The dynamic effect, when a lighter atom as Sr replaces Bi, it has
larger dynamic oscillations at a given temperature. These oscilla-
tions increase with temperature and the slope of the temperature
dependence of resistivity, dp/dT, also increases.

With a simple model, it will be shown that not all the Sr os-
cillations are larger than those of Bi, but, acting as impurities, the
overall effect will be that the oscillations in ‘BiSr’ will have a larger
dynamic contribution than in ‘Biy’.

The dynamics of the Bi/Sr oscillations in the pyrochlore system
could be studied with the package phonopy [44], which is quite
computer demanding, even more for a Bi/Sr random supercell.
Instead, a simple and linear model of spring and masses will be
used. In the Bi,_,Sr,Ir,07 crystal structure, either Bi or Sr (M;) are
surrounded by oxygen atoms, O, and around these there are Ir and
other M; atoms (Fig. 1). This is a complicated system, but what is
important are the oscillation amplitudes of Bi/Sr and the sur-
rounding oxygen atoms. This will be studied with a linear model in
which Bi/Sr has O in each side, and these O are connected to the
rest of the crystal by a spring; here the ‘rest’ will be taken as static,

I-0-M,-0-1,

where ‘~' represents a spring, and at the end the springs are fixed
to a wall T. In this model, the two oxygen atoms will be assumed
to move in the same direction; when the oxygen atoms move in
opposite directions M; remains static and would not represent a
dynamic perturbation. Although this model is very simple, it gives
a good idea of the relative amplitudes of the thermal oscillations of
M; and O. This system can be solved for harmonic oscillations,
X; = A;cos(wt), where x; are the atomic displacements. These os-
cillations are due to thermal perturbations, i.e., at a given tem-
perature the average energy of each oscillation mode should be
the same, therefore the relative amplitudes are given for constant
energy of the whole spring-masses system.

There are two vibrational modes, one is the acoustic mode, in
which M; and O move in the same direction; and the other one is
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Table 2
Relative oscillation amplitudes of atoms in the | — O — Mi — O — | model, here the
spring constant is taken as k=1.

Mode System Amplitude
M; (0] M;-0 distance
Acoustic Bi-O 1.413 0.733 0.680
Sr-O 1.408 0.768 0.640
Optic Bi-O 0.054 —0.680 0.734
Sr-0 0.128 —0.640 0.768
Table 3

M; — O amplitudes in the |- 0 — Mi — O — | model, with the calculated spring
constants (the % are calculated with respect to ‘Biy’).

‘Biy’ ‘BiSr’

Bi-O Bi-O Sr-0
Acoustic 7.271 7.467 2.7% 7.390 1.6%
Optic 7.849 8.061 2.7% 8.862 12.9%

the optical mode, in which M; and O move in opposite directions.
The relative amplitudes of these oscillations, with the same spring
constant (k=1), are given in Table 2.

The spring constants k are different and they can be estimated
by making small displacements, J, of the atoms, which increase
the total energy of the system. From the classic E vs. § curve the
spring constant can be obtained. In ‘Biy’ the ‘Bi-O’ constant can be
estimated by making small displacements of Bi, and in ‘BiSr’ the
‘Bi-O’ and ‘Sr-0O’ spring constants can be estimated by displacing Bi
and Sr respectively. These constants were found to be 0.00873 in
‘Biy’, 0.00828 for ‘Bi-O’ and 0.00751 for ‘Sr—0’ in ‘BiSr’. With these
spring constants the amplitudes are modified. Table 3 shows the
modified M; — O amplitudes.

The M; - O oscillations in the ‘BiSr’ system are moderately
larger than in the ‘Biy’ system. In the acoustic mode this distance
barely changes when Bi is replaced by Sr, while for the optic mode
there is a 13% increase for the Sr sites. This is a surprising result
given the large mass difference between Bi and Sr (Mg;/Ms,=2.39);
on the other hand, O is much lighter (Ms,/Mp=5.48) and all the
energy goes to the heavy atom and the O oscillations remain fairly
unchanged. The small increment of amplitudes, Table 3, with the
Bi by Sr replacement does not totally explain the increase of
resistivity.

The experimental increase in resistivity could be explained as
follows. When half of the Bi is replaced by Sr in ‘Bi,’ to obtain ‘BiSr’
two aspects can be considered, (a) the Sr?* is distributed in a
random way that creates local static perturbations, these reduce 7,4
(Egs. (1)=(3)) and increase the residual resistivity (see Fig. 2, ‘BiSr’
has a residual resistivity 8 times larger than ‘Biy’). (b) There are
also atomic oscillations, phonons, which cause dynamic pertur-
bations (1/z,,). Now, as mentioned above, with the Bi by Sr sub-
stitution the atomic displacements have a larger effect on the
electronic structure (see Table 1). That is, the electrons would
collide, scatter, more often by the impurities, 7 would be shortened
more in ‘BiSr’ than in ‘Biy’, as a consequence, when temperature
increases the oscillation amplitudes also increase and the slope of
the resistivity as a function of temperature, dp/dT, in ‘BiSr’ would
be larger than in ‘Biy". In this way, the increment in resistivity,
which goes in the opposite direction of the electronic component
of the conductivity equation (Eq. (1)), can be explained as the ef-
fect of the Bi substitution by Sr on resistivity, that should be as-
sociated to the change on the relaxation time. This is due to the
compositional disorder and to the stronger effect of the Sr-O

oscillations on the electronic structure that reduce 7 more than the
Bi-O oscillations.

4. Conclusions

The electrical resistivity measurements of the Bi,_,Sr,Ir,0;
system as a function of the Sr content can be explained in terms of
Egs. (1) and (2). The electrical resistivity has two contributions;
the electronic component (1/w,?) and that of the impurities that
are included in 7. The electronic component of resistivity is re-
duced by 33% as Bi is substituted by Sr in Bi,Ir,0, which is con-
trary to the experimentally observed results. This can be explained
as the result of the shortening of the relaxation time, 7, which
would increase the resistivity. Sr replaces Bi in the real crystal,
acting as an impurity; the introduction of Sr has no direct influ-
ence in the electronic structure since the A,02 sublattice does not
significantly contribute to DOS, but it affects indirectly the Ir,01g
sublattice. This modification is the main responsible for the
changes of the electronic conductivity. The relaxation time has two
components, 1) one static due to impurities, and in this case the
resistivity at T=0K increases with the Sr content; and 2) one
dynamic due to the oscillations of O1; this is because the Sr os-
cillations affect the Ir,O1¢ sublattice more than those of Bi. The
difference between the Bi and Sr contributions to the oscillations
explains the slope of the resistivity vs. temperature behavior.
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