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X-ray, synchrotron, and neutron powder diffraction techniques were combined to investigate the evolution of
crystal structure and physical properties of La,_,Sr,ColrOg with temperature and composition x. The following
sequence of first- and second-order phase transitions is observed in this system, induced by increasing Sr
content and temperature: P2,/n< P2;/n+12/m—I12/m« I4/m— Fm3m. The low-temperature magnetic
structures are characterized by the propagation vector k=(0,0,0) for x=0, k=(1/2,0,1/2) for x=1, and k
=(0,1/2,1/2) or k=(1/2,0,1/2) for 1.5 and 2. Different noncollinear magnetic structures are concluded from
the combination of magnetization measurements and neutron powder diffraction. Resistivity measurements
reveal that the whole series behaves like nonmetals with electronic transport described by a combination of
thermal activation and variable range hopping. Band gaps determined by electronic structure calculations agree
very well with the experimental data for x=0 and 1, and the calculated occupation of the d bands of Co and Ir
are in good agreement with a transition IS/HS-Co?*/LS-Ir** — HS-Co**/LS-Ir>* with increasing Sr content.
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I. INTRODUCTION

In recent years double perovskites A,BB'O4 with 3d and
5d transition metals at B and B’ sites, respectively, have been
extensively studied due to their interesting physical proper-
ties such as colossal magnetoresistance, high Curie tempera-
tures, or metal-insulator transition.!=> Most of the research
was focused on B’=W-, Re-, and Os-based double perovs-
kites with ferromagnetic ordering temperatures 7. above
room temperature. Less attention was diverted toward the
Ir-based ones, although the ability of Ir to exist in different
oxidation states and the spatially more extended 5d orbitals
should result in a rich variety of physical properties and elu-
cidate the structure-property relationships in this interesting
class of compounds. Ir-based double perovskites La,BIrOg,
B=Mg, Mn, Co, Ni, and Cu, were first synthesized in
1965.4% Much later crystal structures and magnetic proper-
ties were determined for B=Mn, Co, Ni, and Zn and band-
structure calculations [only local-density approximation
(LDA)] were performed for B=Mn, Co, and Fe.®"® At room
temperature the double perovskites with B=Co, Ni, and Zn
adopt a monoclinic P2,/n superstructure while the underly-
ing space group of La,MnIrOg4 was not determined. A high
degree of cation disorder, i.e., an occupation of the B site
with B’ and vice versa, was also reported for the compounds
La,BIrO4 with B=Mn and Fe due to the small differences in
charge and ionic radii between the B and B’ =Ir ions.” Fer-
romagnetic behavior is reported for La,MnIrOg4, based on
magnetization measurements and confirmed by band-
structure calculations. A more complicated behavior was
found for B=Co, Ni, and Fe: The magnetic ground states of
these compounds exhibit both ferromagnetic and antiferro-
magnetic components, so that noncollinear magnetism
(NCM) was concluded, again supported by calculations,
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which gave larger calculated magnetic moments for B=Co
and Fe in a collinear framework than the observed ones.” A
well-established method to affect the physical properties of
double perovskites is the partial substitution of cations.!®!!
In this work only on A-site substitution of La by Sr is con-
sidered, which has mainly two effects on the resulting struc-
tures and properties. On one hand the La:Sr ratio determines
the averaged ionic size on the A site and hereby the symme-
try of the underlying crystal structure. On the other hand the
replacement of trivalent La by bivalent Sr increases the for-
mal oxidation states on B and B’ sites. This means a lower
number of d electrons, and therefore less repulsion between
these d electrons, which could result in an insulator to metal
transition. The La,_ Sr,ColrOg4 system offers therefore two
degrees of freedom, which are correlated with each other. In
addition, however, the cation-site disorder Co« Ir on B and
B’ sites (y) and a possible oxygen deficiency & will also
affect the physical properties and have to be considered care-
fully as two additional relevant parameters in the system
Laz_Xer(Col_yIry (Irl_yCOy)Oﬁ_g.

II. EXPERIMENTAL

Polycrystalline samples of La,_,Sr,ColrOs were synthe-
sized by solid-state reaction for five different compositions
x=0, 0.5, 1, 1.5, and 2. Stoichiometric amounts of reactants
La,0;5, SrCO;, CoO, and IrO, were ground together in an
agate mortar, pressed into pellets, placed into corundum cru-
cibles, heated to 1200 °C in air within a muffle furnace, hold
at this temperature for 24 h and slowly cooled down to room
temperature. Under these conditions of synthesis only negli-
gible oxygen deficiency 6=0 is expected. Phase purity and
crystal structures were determined at room temperature by
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TABLE 1. Nonoverlapping atomic sphere radii (in a.u.), mesh of the special & points in the IBZ, and the
number of independent atoms corresponding to composition x and the different magnetic structures.

No. of
X La Sr Co Ir O  Special k mesh independent atoms  Magnetic structure
0 2.38 2.04 198 1.76 6X6X4 6 FM
6X6X4 12 k=(0,0,0), AFM
4X2X1 80 k=(0,1/2,1/2), AFM
0.5* 240 226 2.06 197 1.75 S5X5X3 20 FM
1.0 240 227 202 196 1.73 2X4X1 80 k=(1/2,0,1/2), AFM
4X2X1 80 k=(0,1/2,1/2), AFM
1.5 (P2y/n)* 237 224 200 191 1.70 5X5X3 20 FM
1.5(2/m)* 250 232 189 191 1.68 SX5X3 16 FM
2.0 (P2y/n) 238 191 192 1.69 4X2X1 80 k=(0,1/2,1/2), AFM
2.0 (12/m) 238 191 194 1.70 4X2X1 80 k=(0,1/2,1/2), AFM

4Only for the calculation of Bader charges.

x-ray powder diffraction in flat-sample transmission mode,
using a STOE STADI P diffractometer, operated with
Mo-K e« radiation and equipped with a linear position sensi-
tive detector. The temperature dependence of the crystal
structures was investigated by synchrotron powder diffrac-
tion at the beamline B2 (Ref. 12) of HASYLAB/DESY
(Hamburg, Germany) using the onsite readable image-plate
detector OBL,'® a STOE furnace equipped with a EURO-
THERM temperature controller for high-temperature mea-
surements [A=0.49327(1) A] and a special cryostat'* for
low-temperature measurements [A=0.50205(1) A]. Neutron
powder diffraction [NPD, A=1.548(1) A] was performed at
the SPODI instrument of FRM II (Garching n. Munich, Ger-
many) at selected temperatures to refine oxygen positions
and site-specific occupations very reliably and to determine
the magnetic structures below the magnetic-ordering tem-
peratures. Rietveld refinements of structural parameters were
performed, based on synchrotron- and neutron-diffraction
data simultaneously, using the program FULLPROF.!> The
propagation vectors of the magnetic structures were deter-
mined with the program SUPERCELL. Initial structure models
were taken from Woodward.!® The temperature dependence
of magnetization was measured both in zero-field-cooled
(ZFC) mode and in field-cooled (FC) mode over the tem-
perature range from 5 to 350 K and the field dependence of

magnetization up to 7 T using a superconducting quantum
interference device [SQUID magnetometer (MPMS) mag-
netic properties measurement system from Quantum De-
sign]. The resistivity measurements were performed using a
physical property measurement system from Quantum De-
sign in the van der Pauw four point setup.

III. ELECTRONIC STRUCTURE CALCULATIONS

First-principles density-functional theory (DFT) spin-
polarized electronic structure calculations were performed
for x=0, 1, and 2 (calculations were performed for x=0.5
and 1.5 in the ferromagnetic (FM) configuration only to ob-
tain the Bader charges) by the full-potential linearized aug-
mented plane wave plus local orbital method as implemented
in the WIEN2K code.!” The following nonoverlapping atomic
spheres with radii Ry (in a.u.) were used (Table I).

The value of RyrKy., Where K, corresponds to the
largest plane-wave vector, was set to 6.5 and spherical har-
monics up to the tenth order were included in the expansion
of the radial part of the wave function. The mesh of special &
points in the irreducible Brillouin zone (IBZ) are selected as
shown in Table I. The numbers of independent atoms in the
unit cell are also given in Table I. For the exchange-
correlation energy functional the Perdew-Burke-Ernzerhof

TABLE II. Space groups and structural parameters of La,_ Sr,ColrOg¢ at 3 K.

a b ¢ B
X Space group (A) (A) (A) (deg)
0 P2,/n 5.5684(1) 5.6604(1) 7.8956(2) 89.96(1)
0.5 P2,/n 5.5979(1) 5.6251(1) 7.9112(1) 90.004(5)
1.0 P2,/n 5.6121(9) 5.6015(6) 7.9182(4) 89.96(1)
1.5% P2,/n 5.5933(2) 5.5549(3) 7.9117(3) 89.98(1)
1.5% 12/m 5.5564(3) 5.5456(2) 7.8022(3) 90.24(1)
2.0 P2,/n 5.5611(3) 5.5351(3) 7.7920(2) 89.70(1)
2.0 12/m 5.5940(1) 5.5560(1) 7.7208(1) 89.93(1)

4Only for the calculation of Bader charges.
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TABLE III. Space groups and structural parameters of La,_ Sr,ColrOg at room temperature.

a b c B

x Space group f (A) (A) (A) (deg)
0 P2,/n 0.8682 5.5819(1) 5.6576(1) 7.9078(2) 89.98(1)
0.5 P2,/n 0.8868 5.6010(1) 5.6151(1) 7.9151(2) 89.982(5)
1.0 P2,/n 0.9058 5.5988(1) 5.5750(1) 7.9029(2) 89.989(6)
1.5 P2,/n 0.9253 5.5960(2) 5.5613(4) 7.9135(3) 89.98(1)

12/m 5.5633(3) 5.5329(2) 7.8479(5) 89.94(1)
2.0 12/m 0.9452 5.5285(2) 5.5508(2) 7.8427(3) 90.297(3)

version of the generalized gradient approximation (GGA)
was used.'® The spin-orbit-coupling [SOC (quantization axis:
z)] was included in a second variational step with scalar rela-
tivistic orbitals as basis.!® The structural parameters were
taken from NPD at 3 K and are shown in Table II. The
convergence is reached as the difference in the charge fluc-
tuation becomes less than 0.0001 of an electron. Additionally
a relaxation of the internal atomic positions is carried out for
x=0 in order to compare the total energies of the FM
(4%x4X%2), k=(0,0,0) antiferromagnetic (AFM) (4 X4 X 2),
and the k=(0,1/2,1/2) AFM (4X2X 1) structures. From
the converged charge densities Bader charges are also calcu-
lated for all five compositions using the Bader’s AiM con-
cept (using WIEN2K).2% For this calculation additionally to the
charge densities of the experimentally found AFM structures
of x=0, 1, and 2, charge densities of the FM configuration of
x=0.5 and 1.5 are used. However it should be mentioned,
that this approach does not always give a quantitative assess-
ment of the valence state but it is quite useful for investigat-
ing trends within a certain system.?! The trend of the Bader
charges is discussed in Sec. IV A together with the bond
valence sums (BVSs).

IV. RESULTS AND DISCUSSION
A. Room-temperature crystal structures

All members of the series crystallize with a monoclinic
symmetry but in two different space groups. Compounds
with the composition x=0, 0.5, and 1 crystallize in the space
group P2,/n. This agrees with the crystal structure reported
earlier for La,ColrOg with x=0." Sr,ColrOq with x=2 crys-
tallizes in the space group /2/m. For x=1.5 two monoclinic
modifications with space groups P2;/n and I2/m coexist at
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FIG. 1. (Color online) (a) Composition dependence of Co-O and
Ir-O bond lengths and (b) composition dependence of the site
disorder.

room temperature. Depending on composition the following
phase transitions occur at room temperature with increasing
Sr content: P2{/n« P2;/n+12/m<1I2/m. The correspond-
ing crystal structures are superstructures of the perovskite
type. The deviation from the ideal cubic perovskite structure
is the distribution of Co and Ir on two distinct crystallo-
graphic sites (“double perovskite”) and rotations of the
corner-sharing CoOg and IrOg octahedra, which break the
cubic symmetry. (For a comparison of the crystal structures
of the two monoclinic forms with space groups P2,/n and
I2/m see Fig. 5.) Both structures differ with respect to the
specific octahedra tilting system, described by Glazer’s nota-
tion (Ref. 16) and belong to the twelve possible space groups
derived group theoretically by Howard et al.,'®*> by means
of considering the deviation only due to the tilting of the
octahedra. An empirical criterion for the prediction of the
specifically distorted perovskite-type structure is based on
the ionic radii according to the Goldschmidt tolerance factor
£.23 For an ideal cubic perovskite-type structure f should be
very close to 1, monoclinic crystal structures are expected for
f<<0.97 (Ref. 24). For all the compositions in this system f is
clearly less than 0.97 and thus fulfils the empirical rule. The
structural parameters together with the space groups and tol-
erance factors are listed in Table III.

Possible changes in the oxidation states of Co and Ir due
to the substitution of La by Sr should be reflected in the
transition-metal oxygen bond lengths along the series. The
average bond lengths of Co-O and Ir-O were calculated us-
ing the software DIAMOND (Ref. 25) and are shown in Figs.
I(a) and 1(b). The decreasing bond lengths with increasing
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FIG. 2. (Color online) Composition and temperature depen-
dence in the phase diagram of La,_,Sr,ColrO4 together with the
three different types of magnetic structures at low temperature. The
symbols denote the experimentally obtained data.
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TABLE IV. Bond valence sums calculated from Co-O and Ir-O at room temperature.

X BVS [ry(Co**-0?7)]  BVS [ry(Co*-0%)]  BVS [ry(Ir**-0*)]  BVS [ry(Ir’*-0*)]
0 2.22 2.26 3.98 4.52
0.5 2.20 2.24 430 4.88
1.0 2.30 2.34 4.54 5.14
1.5 P2,/n 2.26 2.30 476 5.38
R2/m 2.70 2.76 4.66 5.28
2.0 2.68 2.74 4.80 5.42

Sr content are an indication for a transition in the oxidation
state of Co and Ir. Only minor changes in the Co-O bond
length with Sr-content x are observed in space group P2,/n,
but a significantly shorter Co-O bond length is observed in
the phase with space group /2/m. In contrast the Ir-O bond
length becomes considerably shorter with increasing Sr con-
tent within the stability range of the P2,/n phase. This is a
strong indication that La substitution by Sr results first (up to
about x=1.5) in a higher oxidation state of Ir whereas a
higher oxidation state of Co is accompanied by the transition
from the P2,/n phase into the /2/m phase for high levels of
substitution (x=1.5). In order to interpret the above indica-
tions BVSs for Co and Ir are calculated using the equation
introduced by Brown and Altermatt.?® The reference bond
lengths ro(M-O) are taken from Ref. 27 and the results are
shown in Table IV. The values of the BVS confirm the ob-
served trend of the bond lengths. Whereas regarding each
compound, the bond valence sums for Co are similar for
ro(Co**-0%") and ry(Co’*-0%") cases, the sums for Ir are
different for ry(Ir**-0?") and ry(Ir’*-O?") cases, nevertheless
they show the same trend with increasing Sr content. It is
evident that there are only minor changes in the Co®* state in
the P2,/n space group that abruptly changes into a Co’*
state in the I2/m space group for x=1.5, whereas for Ir the
transition Ir** — Ir>* takes place gradually within the P2,/n
space group and there are only minor changes in the I12/m
space group [for the reference bond length r,(Ir’*-O%) even
a partial amount of Ir%* is predicted for higher Sr content, but
it may be better approximated to Ir’*]. Therefore a partial
transition in the oxidation state of Co and Ir from
Co?*/LS-Ir* — HS-Co®*/LS-Ir’* could be concluded. Al-
most the same trend can be observed in the composition
dependence of the Bader charges, which are shown in Table
V. The only difference being the nonpronounced increase in
the Bader charge of Co in the space group /2/m for x=1.5.
However, Rietveld refinements reveal a high degree of
cation-site disorder between B and B’ sites. The site disorder
increases from y=5.4% to 13.6%, indicating an increasing
miscibility of Co and Ir ions [Fig. 1(b)]. The difference in

jonic radii between Co2*(0.745 A) and Ir**(0.625 A) is
0.12 A whereas between Co>*(0.61 A) and Ir’*(0.57 A) it
is only 0.04 A.2® The increase in the site disorder for high
values of x further supports the assumption of the proposed
transition of the oxidation states. However, the rather short
Co-0 bond length in the 72/m phase can partially result from
the relative high admixture of Ir on the Co site and the higher
weight of the shorter Ir-O bonds.

B. Temperature dependence of crystal structures

Rietveld refinements were performed for all five compo-
sitions, based on diffraction patterns from 3 to 1173 K. Se-
quences of phases with different crystal structures have been
observed with respect to both composition x and temperature
T as summarized in Fig. 2. While the P2;/n phase for
La,ColrO¢ (x=0) remains stable up to 1173 K, a substitution
of 25% La by Sr (x=0.5) is sufficient for a temperature-
induced phase transition from the P2;/n phase into a two-
phase coexistence region above 923 K. A further increase in
the Sr content reduces the transition temperature into the
two-phase region, for x=1 down to 750 K and for higher Sr
contents down to the lowest temperatures. For x=1.5 and 2
three successive phase transitions are observed during heat-
ing: from the two-phase region the primitive monoclinic
phase disappears for x=2 already at 260 K below room tem-
perature. The phase transition from P2;/n into 12/m is of
first order with a broad coexistence range of both phases. At
elevated temperature a further phase transition 12/m«—I14/m
takes place at around 973 K for x=1.5 and at around 625 K
for x=2. This phase transition is of second order with no
discontinuity in volume (Fig. 3). This tetragonal body-
centered phase has only a rather small stability window and
at higher temperatures a further phase transition of second

order from I4/m«> Fm3m is observed at around 1073 K for
x=1.5 and 700 K for x=2. The temperature dependences of
lattice parameters are shown in Figs. 4(a)—4(c) for selected
compounds over characteristic temperature ranges. From the
phase diagram it becomes evident that the symmetry of the

TABLE V. Bader charges calculated from charge densities associated with the lattice parameters at 3

K.

X 0 0.5 1.0 1.5 P2y/n 1.512/m 2.0 P2y/n 20 12/m
Co 1.37 1.37 1.42 1.42 1.47 1.72 1.69
Ir 1.69 1.82 1.91 1.98 1.98 1.98 2.01

024403-4



TEMPERATURE AND COMPOSITION DEPENDENCE OF...

1.04 —
2im £ Fm-3m

1.02] L ]

VIV3p0 K

1.00

400 800 1200
Temperature (K)

FIG. 3. (Color online) Temperature dependence of the normal-
ized volume of Sr,ColrOg.

crystal structure increases with increasing average size of the
A-site cations at constant temperature, in agreement with
other systems with double perovskite structure.”* Depending
on temperature and composition the following sequence
of phase transitions is observed: P2,/n<P2;/n

+12/m«12/m— I4/m«— Fm3m. This sequence of structural
phase transitions was already reported for Sr,MnTeOg,
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FIG. 5. (Color online) Unit cells of the modifications of
Sr,ColrQOg in different space groups: P2;/n (a~a"c*) (top left),
I2/m (a®b"b7) (top right), I4/m (a®ac™) (bottom left), and
Fm3m(a®a’a®) (bottom right).

where the first-order nature of the phase transition
P2,/n«+12/m was confirmed by the existence of a thermal
hysteresis in differential scanning calorimetry
measurements.”” But the stability window of the coexistence
of the two monoclinic phases in case of Sr,MnTeOyg is only
50 K between 250 and 300 K, thus the coexistence does not
extend to lower temperatures as in the case for x=1.5 and 2.
Such a coexistence of two monoclinic phases at lower tem-
peratures is found in the double perovskite system
Ca,Sr,_,FeReO4 for 1 =x=2. But in that case both of the
monoclinic phases belong to the same space group P2,/n
(Refs. 30 and 31). Furthermore the factors that influence this
particular phase transition with coexistence of two mono-
clinic phases are also different for both of the systems.
Whereas for x=1.5 of La,_,Sr,ColrO4 below room tempera-
ture, the phase coexistence (transition) is accompanied by a
sudden increase in the oxidation state of Co in the I2/m
phase due to hole doping through A-site cation, the A-site
cation in Ca,Sr,_,FeReOg (1 =x=2) has only the size de-
gree of freedom, therefore the phase coexistence (transition)
is accompanied by a charge transfer within B and B’ sites
induced by structural distortions.?! The crystal structures cor-
responding to the different phases of Sr,ColrOg are shown in
Fig. 5 for a view along the monoclinic b axis.

C. Temperature and field dependence of magnetizations

The temperature dependence of magnetization of
La,_,Sr,ColrOg4 in an external field of 0.05 T reveals mag-
netic order below 100 K for all compositions, see Fig. 6, but
the specific magnetization is reduced about almost two or-
ders of magnitude with increasing substitution of La by Sr.
The differences between magnetizations in FC and ZFC
modes indicate the presence of ferromagnetic components,

024403-5



NARAYANAN et al.

o
o

PHYSICAL REVIEW B 82, 024403 (2010)

1.0

-~ 0.03 ' T=18K ' T

=] X e

= |FC " 0.5 7 e ]

o 0.02 0 0.5 I Yosd

= 0.4 a1 —_ //-/.f P

S 0.01 ¢ 15 : 0.0 F )»’W

.ﬁ H e2 :{n Mﬂ X—s—0

'-E 0.2+ ZFC .'. 0.00= s - ));?/ T. —e¢—0.5

e \"‘/\ 100 200 300 = -0.5- ’,1/ - .10

s - —+—15

A R B, =0.05T e 15

= 0.0l — a0 : , '
0 10 200 300 -8 -4 B (_)r 4 8

Temperature (K) ot (T)

FIG. 6. (Color online) Temperature dependence of magnetiza-
tion for La,_ Sr,ColrOg.

confirmed by the hysteresis loops in Fig. 7. Curie tempera-
tures were determined using the linear extrapolation method
and decrease from 90 K for x=0-1.5 to 70 K for x=2 (Table
VI). The paramagnetic Curie-Weiss temperatures 6, deter-
mined from the Curie-Weiss fits are negative along the whole
series, indicating dominant antiferromagnetic interactions,
which become stronger with increasing Sr content (Table
VI). The low values for the ferromagnetic components, de-
termined as the spontaneous magnetizations by linear ex-
trapolation of the high-field dependence of magnetization to
zero field (Table VI) and the strong antiferromagnetic inter-
actions indicate NCM with ferromagnetic and antiferromag-
netic components of the ordered magnetic moments. Magne-
tizations are not saturated at 7 T, further supporting the
proposed NCM for the whole series. Another characteristic
feature of the hysteresis loops for x=0 and 1 is their shape,
which might reflect an external-field-induced magnetic phase
transition as already found in many compounds with NCM,
due to magnetic anisotropy, that results in minima in the
angle- (of the magnetic moments) dependent energy
curves.’? Regarding the double perovskites, investigations on
such magnetic phase transitions are rare and known only for
a few compounds such as Ca,FeReOg (Ref. 31), Sr,NiReOy
(Ref. 33), and Sr,RuGdOq (Ref. 34). But the condition under
which this transition occurs is different. For Ca,FeReOy,
mainly a metal-insulator transition from metallic FM to an
insulating FM (actually coexisting below the transition tem-
perature) induces the spin reorientation,’ where the insulat-
ing FM transits gradually to the metallic FM at higher exter-
nal magnetic fields below the transition temperature,’!

FIG. 7. (Color online) Field dependence of magnetization for
La,_,Sr,ColrOg.

whereas for Sr,NiReO4 and Sr,RuGdOgq the external-field-
induced magnetic phase transition takes place in the AFM
phase with a small ferromagnetic component. The field-
induced magnetic phase transition in La,ColrOg and
La; sSry5ColrOg can be therefore comparable with
Sr,NiReOg and Sr,RuGdOg. The effective magnetic mo-
ments w. were calculated from the Curie constants and are
compared with the spin-only values of Co, based on the as-
sumption of HS-Co>* for x=0 and HS-Co** for x=2. The
experimentally determined values for . are always larger
than the calculated spin-only values especially for the Co**
case (Table VI), consistent with other double perovskites
containing Co?* (Ref. 33). This discrepancy indicates signifi-
cant contributions to the paramagnetic moments from Ir
and/or orbital momentum.

D. Magnetic structure

Magnetic superstructure Bragg reflections were observed
in NPD patterns recorded at temperatures below 100 K.
This reveals long-range antiferromagnetic order in
La,_,Sr,ColrOg. The positions of the magnetic reflections de-
pend on composition and were indexed with the propagation
vectors k=(0,0,0) for La,ColrOgq (x=0), k=(1/2,0,1/2) for
x=1, and k=(0,1/2,1/2) or k=(1/2,0,1/2) for x=1.5 and
2, respectively. For x=0.5 only very weak magnetic reflec-
tions were observed that could not be indexed unambigu-
ously. The refined magnetic moment at the Co site varies
from (MX’O’ILLZ) with Mx=_0-7(1):u’B’ MZ:1'5(1)MB’ and |lu'|
=1.7(1)ug for x=0 to (u,0,u,) with pu,=1.2(1)ug, u,

TABLE VI. Ferromagnetic Curie-temperature 7, paramagnetic Curie-Weiss temperature 6, spontaneous

magnetization Mg, experimentally determined and calculated effective magnetic moments g and pqgr (Co-

spin only).
Metf Meir (Co-spin only) (¢} Mg Tc (linear extrapolation)
X (ug/fu.) (ug/f.u.) (K) (ug/fu.) (K)
0 4.7(1) 3.88 (Co**) —-13.3(6) 0.7 95
0.5 5.0(1) -55.1(8) 0.15 91
1 5.1(0) -94.9(1) 0.03 89
1.5 5.0(0) -103.0(5) 0.015 91
2 5.1(1) 4.90 (Co*) —-138.8(0) 0.005 70
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FIG. 8. (Color online) Observed, calculated, and difference
Rietveld profiles for La,ColrO4, LaSrColrOg, and Sr,ColrOg at 3
K. Low-angle region of the profile for La,ColrOg4, LaSrColrOg, and
S1,ColrO¢ at 300 and 3 K, where prominent magnetic superstruc-
ture Bragg reflections were present. Reflection markers correspond
to the positions of Bragg reflections of structural (top) and magnetic
(bottom) contributions.

=23(1)ug and |u|=2.6(1)ug for x=1 and (u,,0,u,) with
u=1.6(1) g, u,=2.1(1)ug, and |u|=2.6(1)ug for x=2 [or
for the k=(1/2,0,1/2) case: (0,0,u,) with w,=2.6(1)ug
and |u|=2.6(1)ug]. The observed and calculated diffraction
profiles together with the magnetic reflections are shown in
Fig. 8 and the three types of antiferromagnetic structures in
Fig. 9.

X8
Alrg

\/]
V\‘\‘%\é
AV

) V‘\;@\w‘vw
VN Y% _A ‘
Ay

w4 ¥ T

2N\ ANV AV
TEE TS
: /4\’/; . VAV WAV
LN/ TS
1\/:&1 NSNS
&l\\/l LVALVZ LVALVS &
LNE? /’ T30S
KQA_A e CBLLD

NVAZ

PHYSICAL REVIEW B 82, 024403 (2010)

Four ambiguities remain in the magnetic structures de-
rived from NPD. (1) The ferromagnetic component could not
be extracted quantitatively from NPD, because the corre-
sponding intensities are too low in comparison with the
dominant nuclear contributions. Nevertheless, an analysis of
magnetic symmetries reveals that the ferromagnetic compo-
nent should be along the [010] direction (AFM component
on the xz plane). (2) For x=1 the k=(1/2,0,1/2) AFM
structure is preferred against the k=(0,1/2,1/2) AFM struc-
ture, based on a better agreement of calculated and observed
intensities of the magnetic Bragg reflections, For x=1.5 and
2 no major differences exist between k=(0,1/2,1/2) and k
=(1/2,0,1/2) types of magnetic structures. (3) Any contri-
bution from ordered magnetic moments on the Ir site is too
small to be detected. The magnetic moments were therefore
refined only at Co sites. (4) As the Co sublattices are almost
identical in the coexisting primitive and I-centered mono-
clinic modifications, the magnetic contributions for x=1.5
and 2 cannot be assigned to one of these phases distinctly,
but the magnetic arrangement (see Fig. 9 on the right-hand
side) is unambiguous.

In all three magnetic structures alternating ferromagnetic
planes exist, but they are different in all the structures. A
qualitative explanation is based on the magnetic superex-
change interactions. The geometries of the underlying ex-
change paths deviate from those in idealized intersecting fcc
sublattices of Co and Ir ions due to the monoclinic distor-
tions. The corresponding face-centered pseudocell for Co is
shown in Fig. 9 on the left. According to Ref. 36 the k
=(0,0,0) magnetic structure results from a strong nearest-
neighbor antiferromagnetic Co-O-O-Co interaction within
the Co sublattice in competition with the 180° antiferromag-
netic next-nearest-neighbor o Co-O-Ir-O-Co interaction be-
tween the Co sublattices through the vacant e, orbitals of Ir.
However, in this case, the Co-O-Ir angle is only 152.5° due
to the distorted crystal structure and, therefore, this interac-
tion is weaker. This scenario is almost realized in La,ColrOg,
except for the small ferromagnetic component along the b
direction, resulting from the 180° (152.5° in this case) Co-
O-Ir ferromagnetic interaction (Ir has five #,, electrons) (Ref.
37) between Co and Ir sublattices, which is frustrated and
probably responsible for a Dzyaloshinski-Moriya interaction.

FIG. 9. (Color online) Three different types of magnetic structures with k=(0,0,0) for x=0 viewed along the b axis (left), k
=(1/2,0,1/2) for x=1 along the b axis (middle), and (0,1/2,1/2) for x=2 along the a axis (right). Magnetic unit cells (black) and the
distorted face-centered lattice of Co (green online, gray in print) are also shown.
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FIG. 10. (Color online) (a) Temperature dependence of resistiv-
ity for x=0, 0.5, and 1 in logarithmic scale, (b) In(p) vs 1/T. A
linear fit describes the high-temperature behavior for x=1.5, but
fails for x=2 and (c) In(p) vs 1/T"*. The arrows mark the maxi-
mum temperature, up to which a linear dependence is well obeyed.

Similar interactions are proposed for La;, Ca;_ CoRuQg,
where both B and B’ sites are occupied with magnetic ions.
For increasing x the Co-O-Ir bond angle along the o Co-O-
Ir-O-Co path increases up to 166.3° for x=2, and this cou-
pling becomes dominant for x=1 and 2, resulting either in
the k=(1/2,0,1/2) or the k=(0,1/2,1/2) type magnetic
structure, which differs only in the strength of the secondary
90° Co-O-Ir-O-Co exchange paths.>

E. Transport properties

Resistivity measurements reveal a nonmetal-like behavior
for the whole series of samples, but the resistivity is reduced
by up to three orders of magnitude at room temperature
when La is replaced by Sr on the A site. Three different
representations of the temperature dependences of resistivity

PHYSICAL REVIEW B 82, 024403 (2010)

are shown in Figs. 10(a)-10(c) to discuss the underlying
transport mechanism: a linear dependence of Inp vs 1/T
indicates a simple thermal activation of electronic transport
in contrast to a characteristic linear dependence of In p vs
1/T"* for a variable-range hopping (VRH) model as intro-
duced by Mott for disordered systems.** Both models are
inadequate to describe the temperature dependence over the
whole investigated temperature range, but appear suitable ei-
ther in the lower or higher temperature regime. Therefore, a
combination of both behaviors [Eq. (1)] was applied to de-
scribe the experimental data over the whole temperature
range

— ~(Eg/2kgT) Le—(T()/T)M. (1)
P Poi Po2

Accordingly, the activated (band) gaps Eg in the low-
temperature regions vary from 0.26 eV for x=0 and 0.5 over
0.12 eV for x=1 to 0.05 eV for x=1.5. For x=2 the VRH
mechanism dominates up to about 100 K, but the thermal-
activation model does not give a proper fit at higher tempera-
tures. This peculiar situation might be caused by the high
degree of B/B’-site cation disorder of 15% for Sr,ColrOyq.
Assuming a band gap in accordance with the trend of this
system, EG=0.05 eV is expected for x=2 and means that
the distribution width of localized states within the gap ap-
proaches the band gap and this will result in a different
mechanism for electron activation.*!

The substitution of La by Sr has mainly two effects on the
transport properties, which are closely related to the two de-
grees of freedom mentioned in the introduction: On one hand
the number of electrons at the B site is reduced (hole doping)
which affects the band filling and reduces the electron-
electron Coulomb repulsion. In the P2,/n space group (x
=1.5), in agreement with the bond valence analysis, the
holes are introduced predominantly in the 7,, bands of Ir
(Ir** —Ir>*), whereas in the I2/m space group (x=1.5) they
are predominantly introduced in the 3d bands of Co. On the
other hand the average Co-O-Ir bond angle, determined from
Rietveld refinements, increases from 152.5° for x=0 to
166.3° for x=2 and means a broadening of the bandwidth.
Both effects result in an increase in the electronic conductiv-
ity as observed. The temperature dependence of resistivity
was also measured in an external magnetic field of B=1 T.
No significant magnetoresistance effect was detected nor any
anomalies at the magnetic-ordering temperatures. Similar
systematic investigations of the influence of the A-site cation
on the transport properties of double perovskites are reported
for La;,Sr;_,CoRuOg; (-0.5=x=0.25) (Ref. 42)
[La,_,Sr,CoRuOgq (0=x=2) (Ref. 43)] and
La;,,Ca,_,CoRuOg4 (-0.25=x=0.25) (Ref. 38). But in con-
trast to an increase in the conductivity throughout the series
as in the present case by Sr substitution, the conductivity is
increased first by the hole doping into Ru 4z,, but as the
ratio of Ru 3t2g increases, the conductivity decreases and
has a minimum for LaSrCoRuOg with Ru 37,, configuration.
Further doping introduces holes into 7,, bands of Co and the
conductivity increases once again.
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FIG. 11. (Color online) (a) Total DOS of AFM for x=0 within
GGA, GGA+SOC, and GGA+SOC+U (top). (b) Partial DOS of
Co 3d bands and (c) Ir 5d bands for GGA (middle). (d) Partial
DOS of Co 3d bands and (e) Ir 5d bands for GGA+SOC+ U (bot-
tom). Note that for x=0 there are two independent sites for Co and
Ir each with opposite magnetic moments. Partial DOS in (b), (d)
and (c), (e) correspond to only one Co (Co 2) and one Ir (Ir 2).

F. Electronic structures

The electronic structure calculations are discussed in four
parts, addressing (i) the density of states (DOS), (ii) a com-
parison of total energies for different configurations of x=0,
(iii) the oxidation state of Co and Ir, and (iv) the magnetic
moments.

(i) The calculated DOS for x=0 of the experimentally
found k=(0,0,0) AFM structure is shown in Fig. 11(a) for
the GGA case. It is evident from the total DOS and the
calculated occupancies of the d bands, that x=0 has a metal-
lic ground state with predominant HS-Co?* and LS-Ir** in
contrast to the experimental finding of an insulator with a
band gap of 0.26 eV. Additionally the I-decomposed partial
DOS of Co 3d (Co2) and Ir 5d (Ir2) for x=0, projected on
the local coordinate system along the B/B'-O bond direction
in the oxygen octahedra are also shown in Figs. 11(b) and
11(c). From the partial DOS of Co 3d and Ir 3d it is evident
that the three #,, bands of Co-3d are similarly occupied (ne-
glecting the additional break down of the #,, degeneracy due
to the monoclinic distortion: d,y, d,, and dy,) by the two
spin-down electrons per Co atom and the three 7,, bands of
Ir 5d are filled by 2.5 spin-up/-down electrons per Ir atom
and thus a metallic state is obtained. The experimental non-
metal behavior with a band gap should be attributed to strong
electron-electron onsite Coulomb repulsion that is badly de-
scribed within the LDA/GGA approximation. A comparison
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FIG. 12. (Color online) Total (spin-up) DOS of (a) x=1 k
=(1/2,0,1/2), (b) k=(0,1/2,1/2), (¢) x=2 (P2;/n) k
=(0,1/2,1/2), and (d) x=2 (I2/m) k=(0,1/2,1/2) AFM configu-
rations for the GGA (red) and GGA+SOC+U(Co)=0.4 Ry
+U(Ir)=0.2 Ry (blue) cases. Only minor differences between GGA
and GGA+SOC with respect to the DOS around the Fermi level
and thus the latter are not shown for x=1 and 2.

of bandwidth W with typical onsite Coulomb energies U is
necessary to take this effect adequately into account. The
approximate width W of the d bands could be estimated to
1.5 eV for Co 1,4, 0.7 €V for Co e,, 2 eV for Ir 1,,, and 2.7
eV for Ir €. Therefore, the bandwidth W of both Co-d and
Ir-d bands are small compared to (or in the case of Ir e, at
most equal with) the typical onsite Coulomb repulsion ener-
gies U, which are around 5.44 eV (0.4 Ry) and 2.72 eV (0.2
Ry) for Co and Ir, respectively.** Therefore an onsite Cou-
lomb repulsion U has been included for the d bands together
with exchange parameters J(Co0)=0.918 eV and J(Ir)
=0.544 eV via the fully localized limit (FLL) method as
implemented in WIEN2K and described in Refs. 45 and 46.

The total DOS x=0 AFM for GGA+SOC and GGA
+SOC+U (Co and Ir) are also shown in Fig. 11(a). It can be
seen that there is not much difference in the total DOS be-
tween GGA and GGA+SOC. But as soon as U for both Co
and Ir were added a band gap opens up at the Fermi level
which is around 0.2 eV in fairly good agreement with the
experimental finding. This is also valid for the total DOS of
the FM configuration (not shown). The inclusion of U shifts
the two occupied spin-down “r,,” orbitals around —(U
—J)/2 and the one unoccupied t,, orbital around +(U-J)/2
in case of 3d of a Co. In case of 5d of an Ir a fairly empty
spin-down t,, orbital is obtained by the +(U~J)/2 shift with
an additional enhancement of the spin polarizations are ob-
tained for the above reason. This splitting in the 7,, bands of
Co 3d and Ir 5d results in a band gap at the Fermi level.
However fractional occupancies were obtained for all the
mentioned 7,, bands as a result of the competing hybridiza-
tion and SOC as shown in Figs. 11(d) and 11(e). The “e,”
(d,5,dx>-y) bands also undergo the above-mentioned shifts
but they are not relevant to the changes in the electronic
structure at the Fermi level.

The total DOS for x=1 and 2 with the experimentally
found k=(1/2,0,1/2) and k=(0,1/2,1/2) AFM structures
are shown in Fig. 12. As a comparison the DOS for x=1 with
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TABLE VII. Total-energy differences AE given, relatively to the
experimentally (NPD) observed k=(0,0,0) AFM, in mRy/f.u. for
FM, k=(0,0,0) AFM, and k=(0,1/2,1/2) AFM configurations for
the GGA+SOC+U case. The total-energy differences for the re-
laxed structure calculations are shown in the third column, again
relatively to the total energy of the relaxed k=(0,0,0) AFM
structure.

AE AE
(experimental (relaxed
x=0 internal positions)  internal positions)
FM -0.25 +3.10
AFM k=(0,0,0) 0.00 0.00
AFM k=(0,1/2,1/2) +36.07 +40.70

the k=(0,1/2,1/2) AFM structure is also shown in Fig. 12.
For x=1 a band gap of around 0.1 eV can be seen from Fig.
12 as soon as U was included in the calculation, almost in-
dependent of the experimentally found k=(1/2,0,1/2) and
the not preferred k=(0,1/2,1/2) AFM structure. For x=2
the total DOS is shown for the two modifications coexisting
at temperatures below 220 K. Whereas the low-temperature
modification P2;/n is a nonmetal with a band gap around
0.05 eV, the high-temperature modification /2/m is metallic
with a rather small DOS at the Fermi level even after the
inclusion of U. In contrast to theory, resistivity measure-
ments reveal x=2 to be nonmetallic over the whole measured
temperature range. However, the investigated Sr,ColrOg
sample has a high degree of B/B’-site disorder and is better
described as Sry(Coy g51rg 15)(Irg g5C0g 15)Og. The nonactiva-
tionlike temperature dependence of resistivity and the appar-
ent band gap instead of a continuous band could result from
localized states at the Fermi level due to this site
disorder.*'*” For the P2,/n phase the calculated band gaps
decrease from 0.2 eV for x=0 to 0.05 eV for x=2 in agree-
ment with the observed reduction in Eg at least for 0=x
=1.5.

(ii) As the magnitude of FM (from the magnetization
measurement) and the k=(0,0,0) AFM components are
similar for x=0, the total energies of these magnetic struc-
tures together with the k=(0,1/2,1/2) AFM are compared
for the GGA+SOC+U case as shown in the second column
of Table VII. All the atomic positions are taken from the
structure model, refined based on NPD (experimental). For
the k=(0,1/2,1/2) AFM configuration the same atomic po-
sitions are taken and supercells have been built. The FM
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configuration has a total energy 0.25 mRy/f.u. lower than the
observed k=(0,0,0) AFM configuration whereas for the
GGA case (not shown) the total energy of the AFM configu-
ration is lower than the FM configuration. As the inclusion of
U resulted in anisotropic occupancies of the d orbitals, this
increases the total forces (certain components of oxygen are
around 100 mRy/a.u.) acting on atoms and such occupations
would couple to the lattice and move atoms in general posi-
tions (especially oxygen). Therefore for all three configura-
tions, the internal atomic positions are relaxed till the forces
are below 5 mRy/a.u., and these total energies are compared
(Table VII, third column). The k=(0,0,0) AFM configura-
tion is energetically more favored than the FM
(+3.1 mRy/f.u.) one. This small difference in the total en-
ergies of the two configurations is an indication for a strong
competition between ferromagnetic and antiferromagnetic
interactions, and spin-orbit coupling together with electron
correlations that play the key role for the observed noncol-
linear magnetism for x=0. Note that in both cases the k
=(0,1/2,1/2) AFM configuration is energetically clearly
unfavorable.

(iii) Table VIII shows the occupation of the d bands of Co
2 and Ir 2 for GGA and GGA+U+SOC cases. The striking
difference between the two is that for GGA+SOC+U the
difference between the occupations of x=0 and 2 is larger
than in GGA. The GGA+SOC+U results are interpreted as
follows. For x=0, see Figs. 11(d) and 11(e), it is evident that
the spin-up d bands for Co 3d are almost fully occupied
while the spin-down DOS for the e, (d,;,dx,_y,) bands are
almost completely unoccupied. This is in good agreement
with the assumed high-spin (HS) state of Co** and the low-
spin (LS) state for Ir** in the simple ionic picture, neglecting
hybridization effects and residual electron densities at inter-
stitials. The proposed tendency toward HS-Co**/Ir’* with
increasing Sr content is also supported by the calculated oc-
cupation of the d bands for x=1 and 2. The occupation of the
Co 3d bands changes significantly only for x>1 whereas
changes in the occupation of the Ir 5d bands are only sig-
nificant for x= 1. This is in good agreement with the succes-
sive changes in Co-O and Ir-O bond lengths, see Fig. 1.

(iv) The calculated magnetic-moment contributions from
spin and orbital momentum are compared for Co and Ir in
Table IX within GGA+SOC+U. The calculated spin mo-
ment of Co for x=0 is 2.68ug per Co ion (2.53 ug per Co ion
for GGA) and much larger than the observed magnetic mo-
ment of |u|=1.7ug per Co ion (NPD). As different 3d orbital
occupancies for Co are possible within the same oxidation
state and lattice parameters in LDA/GGA+ U,*® such an or-

TABLE VIII. Calculated occupations of Co 3d and Ir 5d bands for the experimentally found AFM structures in units of d electrons per

atom.
Co GGA Co GGA+SOC+U Ir GGA Ir GGA+SOC+U
X Up Down Total Up Down Total Up Down Total Up Down Total
0 4.63 2.11 6.74 4.69 2.03 6.72 2.64 2.11 4.75 2.70 2.26 4.96
1 4.61 2.05 6.66 4.67 2.02 6.69 2.73 2.11 4.84 2.77 2.00 477
2 (P2,/n) 4.56 1.89 6.45 4.68 1.65 6.33 275 1.89 4.64 2.72 1.91 4.63
2 (12/m) 4.58 1.91 6.49 4.67 1.68 6.35 2.73 1.93 4.66 2.76 1.92 4.68
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TABLE IX. Calculated spin (mg) and orbital moments (m;) for x=0, 1, and 2 for the experimentally

found AFM structures within GGA+SOC+U.

0

X FLL AMF 1 2 (P2,/n) 2 (12/m)
mg(Co)( g/ atom) 2.68 1.84 2.67 3.05 2.99
my (Co)(ug/atom) 0.17 0.17 0.16 0.11 0.10
mg(Ir) (g /atom) 0.44 -0.10 0.77 0.80 0.85
my (Ir) (ug/ atom) 0.43 -0.01 0.29 0.16 0.17

bital occupancy for 3d Co in the vicinity of the desired AFM
moment of 1.7ug/Co was forced with the FLL method.
Apart from the HS state discussed above another LS state
(also Co**) with zero magnetic moment could be stabilized
but a solution for the desired occupation did not converge.
Therefore, another variant of the GGA+U approximation
was used, namely, the “around mean-field” (AMF) method
(Ref. 45), known to reduce the magnetic moment of the re-
spective ion in certain cases.*” With this method a conver-
gent solution could be found with an AFM moment of
1.84up/Co (orbital moment: 0.17ug/Co) with U(Ir)
=2.72 €V as above, but with a reduced U for Co of 3.4 eV
(0.25 Ry). However, the magnetic moments of Ir are aligned
antiparallel in contrast to the FLL results, where the align-
ment of the magnetic moments of Co and Ir becomes paral-
lel, independent of the initial spin configuration (Table IX).
Higher U values with the AMF method resulted either in
larger magnetic moments (for initial spin moments of Co
larger than 2.6up) or in smaller magnetic moments below
1 ug/Co (for initial spin moments of Co smaller than 2.6 ug).
In all cases the oxidation state of Co tends to be +2. For x
=1 and 2 the calculated magnetic moments (HS) of Co with
the FLL method agree well with the NPD results, taking the
effect of finite temperature (3 K) and the site disorder’® on
the B/B’ sites into account. In case of x=0 the noncollinear-
ity could also contribute to a further reduction in the mag-
netic moments. With an increasing degree of La substitution
by Sr also a possible transition between the intermediate and
high-spin state takes place for Co, in addition to the obvious
increase in the Co oxidation state. Note that spin and orbital
contributions to the magnetic moments have always the same
sign for both Co and Ir ions along the whole series. This is a
remarkable difference to double perovskites with ferromag-
netic ordering having high Curie temperatures (above room
temperature) like the Re-based compounds A,BReQOg with
A=Ca, Sr, or Ba and B=Fe or Cr, where spin and orbital
contributions on the Re site have always different signs.’!

V. CONCLUSIONS AND OUTLOOK

The series La,_Sr,ColrOg is a suitable model system for
the effect of structural and chemical degrees of freedom on

the resulting physical properties of double perovskites. The
sequence of structural phase transitions dependent on com-
position and temperature was revealed. Three different types
of magnetic structures are discussed with respect to elec-
tronic structure calculations. A reduction in the band gap is
established with increasing Sr content, and a significant in-
fluence of B/B’-site cation disorder on the electronic trans-
port properties is proposed based on the results for
Sr,(Coyg g51rg 15)(Irg 35C0p 15)Og. Competing interactions lead
to NCM, most pronounced in La,ColrO4. The electronic
structure calculations were performed for both AFM and FM
configurations, which gave very similar total energies and
thus support NCM by a sensitive preference of one of the
possible states. Preliminary calculations for La,ColrOg were
performed using the software code WIENNCM in order to in-
clude NCM.?? They showed d-band occupations and band
gaps are similar to the reported ones for collinear configura-
tions. The details of DFT calculations including NCM will
be published separately.>® With increasing Sr content the fer-
romagnetic components are considerably reduced, so that the
collinear approximations become more and more appropriate
with increasing x. Further investigations will also focus on
single-crystal magnetization studies and the effect of oxygen
deficiency in Sr,ColrOg¢_s.
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