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The effect of diamagnetic dilution of the Fe sublattice on the structural and magnetic properties of the double
perovskite SryFe;_ .Ga,ReOg (0 <x<0.7) has been explored by means of x-ray structural analysis, magnetom-
etry, Mossbauer spectroscopy, and band structure calculations. The end member of the solid solution series,
Sr,GaReOg, was predicted to be a half-metallic ferromagnet based on ab initio band structure calculations
using the WIEN2Kk software package. Because the Re-containing double perovskites, like the parent compound
Sr,FeReOg, rarely exhibit antisite disorder, the appearance of increasing amounts of antisite disorder in
SryFe;_,Ga,ReOq (0<x<0.7) is unexpected. Although the amount of antisite disorder increases with increas-
ing Ga content, it also depends on the sample preparation history. For 0 <x< 0.4 only a tetragonal, magneti-
cally ordered phase was detected by x-ray structural analysis as well as Mossbauer analysis. A phase separation
into a tetragonal and a cubic phase for x=0.4 is detected by x-ray structural analysis accompanied by the
observation of a magnetically ordered and a paramagnetic phase in the corresponding Mdossbauer spectra.
Below 20% Ga content, Ga statistically dilutes the -Fe-O-Re-O-Fe- double-exchange pathways. Phase separa-
tion begins at 20% Ga substitution; between 20% and 40% of Ga content, the paramagnetic Ga-based phase
does not contain any Fe. The Fe-containing, paramagnetic cubic phases which can be detected by Mdssbauer

spectroscopy first appear for x=0.4.
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I. INTRODUCTION

Double perovskites of the general formula A,MM’'Qq,
(A=alkaline earth metal, M=3d transition metal), and M’
=transition metal, have recently attracted much attention due
to the discovery of tunneling magnetoresistance (TMR) at
room temperature and at low magnetic fields in powder
samples.!> Therefore, some members of the double-
perovskite group can be considered as prospective for spin-
tronic applications.>* In the ideal cubic modification, double
perovskites consist of a rocksalt arrangement of corner-
sharing MOg and M'Og octahedra (Fig. 1). The large-A cat-
ions are situated in the “cube” voids between the octahedra.
Double perovskites exhibit an extreme structural flexibility;
e.g., cubic, tetragonal, orthorhombic, and monoclinic struc-
ture variants have been reported.’>~'? In spite of this diversity
of structures, the reason for a wide variety of magnetic prop-
erties (ferrimagnetism, ferromagnetism, and antiferromag-
netism, itinerant and localized magnetism, metals, semicon-
ductors, and insulators) and especially for the half-metallic
behavior of the compounds A,FeM’'O4 (A=Sr, Ba; M'=Mo,
Re) (Refs. 1, 2, and 13-15) is due to the same mechanism.
The Zener double exchange!®!7 mediates the electron inter-
action along the axes of the cubic unit cell along the
Fe-O-M' units via the oxygen bridges, forming double-
exchange pathways -Fe-O-M'-O-Fe-. Thereby, the long-
range interaction Fe-Fe and M'-M’' is ferromagnetic,
whereas the short-range interaction between Fe and M’ at-
oms is antiferromagnetic, leading to ferromagnetic, ferrimag-
netic, or antiferromagnetic behavior depending on the elec-
tron count of the participating atoms.'3!°

Surprisingly, this double-exchange mechanism seems to
be retained even if one of the cations M and M’ is replaced
by a metal with a closed d shell—e.g., Mg or Zn—which is
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expected to block the pathways of the electronic
interaction.!7?%-2! Results concerning the double perovskite
A,Fe;_ Mg M'O4 (A=Ca,Sr,Ba; M’'=Mo,Re) (Refs. 17
and 20) point to itinerant ferromagnetic behavior for the
whole solid solution series Sr,Fe;_ .Ga,ReO4 (0<x<0.8).

Sher et al.'” as well as Bramnik et al?® report on the
magnetic properties of A,Fe;_ Mg M'O4 which reveal that
the long-range ferromagnetism of the compounds is con-
served up to the highest Mg substitution levels. In contrast,
Kato et al. report Sr,ZnReOgq to be antiferromagnetic below
Tn=20 K with long-range ferromagnetic clusters due to spin
frustration.?!

N

FIG. 1. Crystal structure of the double perovskite Sr,FeReOgq:
Fe (black), Re (dark gray), Sr (light gray), and O (octahedra); the
cubic unit cell is drawn in thin black lines, the tetragonal unit cell in
thick black lines.
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FIG. 2. Density of states of Sr,FeReOg in the ideal cubic struc-
ture as proposed by Kobayashi er al. (Ref. 2), total DOS (solid
black), partial DOS of Re dt,, (black spotted), partials DOS of Re
de, (black dashed), partial DOS of Fe de, (gray spotted), and partial
DOS of Fe dt,, (gray dashed).?

Generally, the magnetic properties of double perovskites
can be estimated by means of band structure calculations
within the van Hove framework .">?2-26 In most cases the
calculated and experimental properties match rather well.
For Sr,FeMoOg, Sr,FeReOg,'>?” Ba,FeReOg,>?® and
Sr,CrRe0g,?*3? the observed metallic and magnetic proper-
ties agree well with the results of band structure calculations,
predicting half-metallic ferrimagnetic compounds in all four
cases. These half-metallic properties require a large density
of states at the Fermi level [DOS(E)] for one spin direction,
whereas the other spin direction must be insulating (Fig. 2).
In the insulating spin direction five electrons reside in the 3d
states of Fe, whereas the 5d (4d) states of Re (Mo) are
empty. As the stoichiometry of A,FeM'Og dictates that the
combined oxidation states of Fe and Re (Mo) sum up to +8,
the remaining two (one) electrons are located in the conduc-
tion band of the metallic spin direction which is composed of
the #,, states of Fe and Re (Mo). Another example of the
predictability of magnetic and electronic properties by means
of band structure calculations is the observed transition of
the ferrimagnetic metal Sr,FeReOg to the antiferromagnetic
insulator Sr,FeSbOg along the series of solid solutions
Sr,FeRe,_,Sb,0s.2* Using the WIEN2k software package’!
Sr,FeSbOg was found to be a spin-polarized insulator with-
out any Sb states participating in the DOS at the Fermi level
which was experimentally confirmed subsequently by con-
ductivity and Mossbauer spectroscopy investigations.??

The results of band structure calculations have been used
successfully to vary and optimize the magnetization, Curie
temperature, and TMR effect of double perovskites system-
atically by “doping”—i.e. adjusting the electron count of the
target compounds to their optimum values. For the series of
solid solutions Sr,Fe;_,Cr,ReOgq the essential features of ma-
terials exhibiting a large TMR effect could be improved.??
The saddle point (the so-called van Hove instability) is ad-
justed at the Fermi level for Cr doping levels of approxi-
mately 25%, and the Curie temperatures could be increased
along the series of solid solutions.

In this contribution we study the influence of the main
group metal Ga on the Fe(M) site of the double perovskite
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FIG. 3. Density of states of Sr,GaReOyg (a) calculated in space
group Fm-3m, total DOS (solid black), partial DOS of Re de, states
(black spotted), partial DOS of Re dt,, states (black dashed), and
partial DOS of O (solid gray) and (b) calculated in space group
I4/m, total DOS (solid black), partial DOS of Re de, (black spot-
ted), partial DOS of Re dt,, (black dashed), and partial DOS of O
(solid gray).

A,FeM'Og on the double-exchange mechanism. Surpris-
ingly, the results of spin-polarized ab initio band structure
calculations for Sr,GaReOg using the WIEN2k software
package?! illustrated as the DOS in Fig. 3 reveal that the
diamagnetic dilution of the Fe sublattice with the main group
metal Ga preserves the half-metallic nature of Sr,FeReOy.
Here we report the synthesis of single-phase material of the
solid solution series Sr,Fe,_ Ga,ReOgq up to Ga content of
x=0.7 together with the related band structure, crystal struc-
tures, and magnetic properties.

II. EXPERIMENT

Starting materials were reagent-grade SrO (Aldrich,
99.9%), Fe,O; (Alfa Aesar, 99.99%), Ga,0O; (Aldrich,
99.99%), Re metal, and Re,0, (Alfa Aesar, 99.9%). All start-
ing materials are stored under argon (Braun Labmaster) and
examined by x-ray powder diffraction before use.

The Sr,Fe,_ Ga,ReOq samples were prepared by high-
temperature solid-state reactions. Because of the strongly
hygroscopic properties of SrO and the large vapor pressure
of Re,05, the samples were prepared in an inert gas atmo-
sphere in a glove box. Stoichiometric amounts of SrO,
Fe,05, Ga,0;, Re, and Re,0; [2S10:(1-x)/2 Fe,05:x/2
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Ga,05:0.3 Re:0.35 Re,0] were ground in an agate mortar
and pressed into pellets. In order to avoid Sr attack on the
quartz tubes these pellets were transferred into corundum
containers and finally sealed in evacuated quartz tubes. The
samples were annealed for 7 days at 1000 °C. Thereafter
they were rapidly cooled to room temperature by quenching
in an ice water mixture. The heat capacity of the corundum
containers prevents a very fast and homogeneous cooling of
the macroscopic sample. This fact explains the observed
nonhomogeneity of the samples discussed below.

X-ray powder diffraction measurements were performed
using a Siemens D5000 with monochromatized Cu K« radia-
tion [Ge (220) monochromator]. Lattice constants (relative to
Si, which was used as internal standard) were obtained by
Rietveld refinement applying the fundamental parameter ap-
proach (TOPAS Academic??).

The variable-temperature magnetic susceptibility mea-
surements of Sr,Fe,_,Ga,ReO4 were performed using a
Quantum Design MPMS-XL superconducting quantum in-
tefeference device (SQUID) magnetometer, equipped with a
high-temperature furnace. Experimental data were corrected
for diamagnetism using Pascal’s constants.??

Mossbauer measurements of Sr,Fe,_,Ga,ReOqy powder
samples were done in transmission geometry using a
constant-acceleration spectrometer and a helium bath cry-
ostat. >’Fe Mossbauer spectra were recorded between room
temperature and 4.2 K using a 50 mCi >’Co(Rh) source. The
RECOIL 1.03 Mossbauer Analysis Software was used to fit the
experimental spectra.’* Isomer shift values are quoted rela-
tive a-Fe at 293 K.

Band structure calculations were performed within the
full-potential augmented plane-wave (FLAPW) framework
within the generalized gradient approximation (GGA) using
the WIEN2k software package.! The crystal structure of
Sr,GaReOg4 was estimated in two different ways. One calcu-
lation used the reported cubic structure with lattice parameter
c=7.84 A.3%3 Since no further structural details are given in
Refs. 35 and 36, the electronic structure of Sr,GaReOg was
calculated using the structure model of Kobayashi et al.? The
second calculation was performed for Sr,GaReOg in a tetrag-
onal setting (space group I4/m, a=5.54 A, ¢=7.84 A) ap-
proximated from the crystal structure parameters of
SrzFeol3Ga0_7ReOG and Sr2F60_4Gao_6ReOG (vide infra). The
number of k points in the irreducible Brillouin zone was 20.
The convergence criterion was fixed to 0.0001 Ry.

III. RESULTS
A. Electronic structure

The electronic structure of the hitherto unknown end
member of the series of solid solutions Sr,Fe;_,Ga ReOg,
Sr,GaReOg4, was calculated using the WIEN2k software
package.! The calculation was performed for the two differ-
ent possible models of the crystal structure: (i) the ideal cu-
bic configuration as suggested by Kobayashi et al.' and (ii)
the tetragonal configuration in space group I4/m estimated
based on the observed structure of the samples with 0.1 <x
=(.7. In the following discussion the d orbitals of the tran-
sition metals will be labeled according to the Cartesian co-
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ordinates of the cubic unit cell for both configurations of the
double perovskite, the cubic and the tetragonal one. The
DOS of Sr,GaReOyg in the cubic and tetragonal configura-
tions [Figs. 3(a) and 3(b)] shows that the diamagnetic dilu-
tion of the Fe sublattice by the main group metal Ga pre-
serves the half-metallic ferromagnetic nature of Sr,FeReO.
The DOS is metallic in the spin-up direction comprising
states from —1.0 to 0.5 eV, whereas the insulating spin-down
direction reveals a band gap of approximately 3.0 eV around
Er. As expected from the lack of d orbitals and in accordance
with the fixed 3+ valence state, Ga does not participate in the
DOS near Ep. Surprisingly, Sr,GaReOyg is calculated to be a
half-metallic ferromagnet with highly spin polarized Re d-O
states in both cubic and tetragonal symmetries. In the ideal
cubic case, the Re-O antlbondlng de, bands that are respon-
sible for the direct o -type 1nteract10n along [100] (axis of
the cubic unit cell) are located =2 eV above Er. The Re dt2g
orbitals in the vicinity of E permit a 7 -type interaction
along [100]. In spite of the symmetry reduction, the DOS of
the tetragonal structure exhibits the same characteristics as
that for the cubic case, the main difference being now a small
contribution of Re de, states in the vicinity of E in addition
to the Re dr,, states which are expected in this energy range.
In conclusion, a substitution of Fe by Ga does not destroy the
ferromagnetic exchange within the Re sublattice and there-
fore the overall half-metallic properties of Sr,GaReOgq are
preserved.

The spin-polarized band structure of Sr,GaReOyg, calcu-
lated using the WIEN2Kk software package,’! is presented for
the cubic and tetragonal settings of the crystal structure. The
band structures for the face-centered-cubic and body-
centered-tetragonal Brillouin zones are shown in Fig. 4 and
Fig. 6, respectively. In the cubic crystal structure, the band
structures of the two different spin directions reveal a re-
markable similarity. Below —3.0 eV and above 1.0 eV, the
two band structures are virtually identical. In the region be-
tween —3.0 and 1.0 eV one bundle of three bands appears
which shows an identical run in both spin directions. How-
ever, these bands cross E in the spin-up direction whereas
they are located directly above E in the spin-down direc-
tion. Therefore, the material shows metallic properties in the
spin-up direction and insulating properties in the spin-down
direction. In Fig. 4, the band structures of the cubic structure
are decorated with the fatbands derived from the different
atomic orbitals of Sr,GaReOq4. As expected from the DOS,
Ga states appear above 1.0 eV in both spin directions and do
not have any relevance for the discussion of the bands in the
vicinity of Ey [Figs. 4(c) and 4(g)]. The same holds true for
the oxygen p states, which contribute mainly to the states
below —=3.0 eV [Flgs 4(d) and 4(h)]. Furthermore, Re de,
states involved in a o -type bonding along [100] do not con-
tribute to the bands near E, but share states of higher
energy—above 1.0 eV—together with the Ga p states [Figs.
4(b) and 4(f)]. Therefore the band structure close to the
Fermi level is dictated by Re-Re interactions. The Re dr,,
orbitals are involved in 7-type interactions along [ 100] (axis
of the cubic unit cell) and in o-type interactions along [110]
(the face diagonal of the respective unit cell faces). The
Re-Re separation along [100] is approximately 7.8 A which
is compatible with a very weak interaction; the Re-Re sepa-
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FIG. 4. Band structure of Sr,GaReOg calculated in space group Fm-3m decorated with fatbands of the (a) Re d,. d,, and d
spin up), (b) Re d,2_,2 and d_» states (de,, spin up), (c) Ga states (spin up), (d) O p states (spin up), (e)

down), (f) Re d,2_,2 and d2 states (de,,
ration along the face diagonal is approximately 5.5 A, which
is significantly shorter, but the resulting o-interaction is still
weak (Fig. 5). As a result of the large metal-metal separa-
tions the interactions between the Re Iy, orbitals are weak,
the differences in energy between bonding, nonbonding, and
antibonding interaction of the orbitals are small, and the
bands are flat.

At the I" point the Re #,, orbitals contributing to the high-
lighted band at —0.5 eV (spin up) or 0.5 eV (spin down) are
in phase (Fig. 5) and the corresponding Re-Re interactions

FIG. 5. (a) Interactions of Re d,y, d,., and d,, orbitals (in white
and gray) at —=0.5 eV (spin up) and at 0.2 eV (spin down) at point I"
of the cubic-face-centered Brillouin zone. The larger black dots
replace the Ga atoms, the smaller ones the oxygen atoms whose
orbitals do not take part to the interaction of this band. (b) Interac-
tion of Re d,, orbitals (in white and gray) at point I' of the cubic-
face-centered Brillouin zone. The large black dots represent the Ga
atoms; the oxygen atoms are omitted.

. states (dt,g,

Re d,,, d,,, and d,, states (dt,,, spin

xy» Gyz

spin down), (g) Ga states (spin down), and (h) O p states (spin down).

along [100] are weakly 7 antibonding. The Re-Re interaction
along the face diagonal is of o-type and therefore stronger, in
particular as the Re-Re separation of 5.5 A along [110] is
significantly shorter than the Re-Re distance along [100]. On
moving from I to X the #,, bands split up into two subbands
(a degenerate pair and a nondegenerate partner). Along the x
axis the nondegenerate band (d,,) is involved only in &-type
interactions and therefore remains energetically unchanged,
whereas the degenerate pair (d,,/d,;) moves up in energy
with k. This observation can be rationalized as follows.
Along A the Bloch factor between the dr,, orbitals changes
from 1 to —1, and therefore the former 7 -interaction along
[100] becomes bonding whereas the former o-interaction
along [110] vanishes. As a result, the degenerate band moves
up in energy. Along X-W-K the d,, component of the degen-
erate pair remains at constant energy, whereas its d,, partner
goes down due to an increase in the w-bonding interaction
along the face diagonal of the xy plane. In contrast, the van-
ishing o-interactions in the face diagonal of the yz plane
cause the d,, band to move up.

Along I'-L, the t,, bands exhibit only a small dispersion.
Upon moving from I' to L a simultaneous phase change oc-
curs in the x, y, and z directions. Due to symmetry restric-
tions, the Re atoms on %%0 do not contribute to these orbital
interactions. The resulting nodes on the face centers lead to a
doubling of the relevant Re-Re separations and a concomi-
tant decrease in the o-type interaction along [110] and of the
 -interactions along [100]. Therefore, the energy of the Re
dt,, does not change significantly. The slight splitting of the
bands from I" to L is induced by the different sizes of the
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FIG. 6. (a) Band structure of Sr,GaReOyg (tetragonal setting) in the spin-up direction and band structure decorated with “fatbands” of the
(b) Ga states, (c) O(1) p states, (d) O(2) p states, (¢) Re d,, and d,, states, (f) Re d,2_,2 states, (g) Re d_2 states, and (h) Re d,, states.

GaOg and ReOg octahedra and the resulting differences in
M-0O and M'-O distances.

Figure 6 shows the band structure of Sr,GaReOg in the
tetragonal setting (I4/m) in the spin-up direction [Fig. 6(a)]
together with the band structures decorated with the fatbands
derived from the different atomic orbitals [Figs. 6(b)-6(h)].
The band structure in the spin-down direction is not shown,
because it can be derived from the spin-up band structure by
shifting the #,, bands situated between —1.0 eV and 0.5 eV in
the spin-up direction to energies above the Fermi level.
Hence, the band structures calculated in the tetragonal and
cubic settings of the double-perovskite structure reveal the
same half-metallic band structure. Moreover, the Ga p states
[Fig. 6(b)] and the Re e, states [Figs. 6(f) and 6(g)] appear in
the same energy range (above 1.0 eV) as in the cubic setting
of the crystal structure. The bands around the Fermi level are
composed of the Re 1,, states [Figs. 6(e) and 6(h)] and, in
contrast to the cubic case, of the O p states [Figs. 6(c) and
6(d)]. Therefore, the Re d orbitals at E, can interact via the
O 2p states. Nevertheless, the essential characteristics of the
Re d,; and Re d,, orbitals do not differ from those of the
cubic case and therefore will not be discussed in detail here.
Moreover, the shape of the d,, band in the tetragonal setting
does not differ from the band progression of the d,, band in
the cubic setting. Due to the participation of the O p states,
the orbital interactions are slightly stronger antibonding in
the tetragonal case and therefore the Re d,, band is shifted to
higher energy by about 0.4 eV.

In summary, the band structure calculation in the idealized
cubic crystal structure as well as in the observed tetragonal
structure leads to comparable results. Sr,GaReOq may be
expected to be a half-metallic ferromagnet with highly spin-

polarized Re-O states and Ga p states situated well above the
Fermi level. Ga is expected to have a fixed valence (3+) in
this compound. Thus, Sr,GaReOy is expected to be a mag-
netic compound composed of nonmagnetic elements. In the
sequel, we report the synthesis of single-phase samples of the
solid solution series Sr,Fe;_,Ga,ReOg.

B. Structural characterization

The crystal structures of the compounds of the series
SryFe;_,Ga,ReOg (0=x=<0.7) were determined by x-ray
powder diffraction and Rietveld refinements based on the
fundamental parameter approach.3? The corresponding x-ray
diffraction patterns presented in Fig. 7 reveal that all samples
crystallize in ordered double-perovskite structure variants.
As an example, the measured x-ray pattern of
Sr,Fe, sGay sReOy (mixed with Si as internal standard) to-
gether with the calculated x-ray patterns of tetragonal
Sr,Fe( sGa, sReOg4 and cubic Sr,Fe, ;sGay sReOg, and the cor-
responding difference curve are shown in Fig. 8.

For low Ga content the samples are single-phase double
perovskites crystallizing in space group [4/m with Sr situ-
ated on site 4d, Fe and Ga on site 2a, Re on site 2b, O(1)
on site 84, and O(2) on site 4e, revealing no Fe/Re and
minor Ga/Re antisite disorder. With increasing Ga content
(x=0.4), reflection shape asymmetries and reflection splitting
afforded the refinement of a second, cubic phase according to

the ordered cubic double-perovskite structure [ Pm3m with Sr
situated on site 8g, Fe and Ga on sites 1a and 3¢, Re on sites
15 and 3d, O(1) on site 6¢, O(2) on site 6f, and O(3) on site
12h] (Fig. 8). The amount of cubic phase depends upon the
sample preparation—i.e., is presumably determined by the
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dered double perovskite Sr,FeReOg in space group I4/m (x=0
sim.); measured x-ray diffraction patterns of Sr,Fe;_,Ga,ReOq for
0.1=<x=0.7 mixed with Si as internal standard.

cooling rate of the sample during the quenching procedure.
Nevertheless, it increases monotonously with increasing Ga
content (Table I). In the case of the tetragonal phase, no
Fe/Re disorder was observed, while the amount of Ga/Re
antisite disorder increases up to 17%. In contrast, antisite
disorder is present for both transition-metal cation sites in the
cubic phase. Again, the amount increases upon increasing Ga
content but depends on sample preparation history (Table I).
For Sr,Fej;Gay;ReO¢ the cubic phase is close to a fully
disordered structure. Taking into account the ionic radii of
Ga**, Fe**, and Re’* [r(Ga’*)=62 pm, r(Fe’*)=65 pm,
r(Re’*)=58 pm],’’ the observation of an increasing Ga/Re
antisite disorder without an Fe/Re disorder can be under-

intensity
})u F m

intensity

20 (deg)

FIG. 8. Measured x-ray powder diffraction pattern of
Sr,Fe( sGay sReO¢ mixed with Si as internal standard (E) together
with the simulated x-ray patterns of the tetragonal
Sr,Fe( sGag sReOg (D) and the cubic SryFe sGay sReO¢ (C), Si (B),
and the corresponding difference curve (A).
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stood in terms of minimization of structural stress. The ob-
servation of a phase segregation into a cubic and a tetragonal
double perovskite instead of a pure shift from the tetragonal
towards the cubic double-perovskite structure is unexpected,
in particular when comparing this series of solid solutions
with systems reported earlier.?>?3

Lattice parameters a and c¢ of the solid solution series
Sr,Fe;_,Ga,ReOy as obtained by Rietveld refinement are
compiled in Table I. As expected from Vegard’s rule the de-
pendence of the lattice parameters on the degree of substitu-
tion is almost linear, confirming the existence of a continu-
ous solid solution series in the range 0 <x=<0.7. The lattice
parameters of the cubic and tetragonal phases decrease with
increasing Ga content as illustrated in Table I. The decrease
of the lattice parameters can be rationalized from the ionic
radii of Ga** and Fe3*. %’

The c/a ratio (Table I) is used to gain insight into the
dependence of the amount of tetragonal distortion of the te-
tragonal phase on the Ga doping level. From the relation
c/a=\2 for a cubic double perovskite one can estimate the
degree of tetragonal distortion of the tetragonal phase. The
continuous decrease of the c¢/a ratio indicates a slow de-
crease of the tetragonal distortion of the tetragonal phase
with increasing Ga content. Thus, with increasing Ga content
two different effects superimpose: (i) samples containing
more than 40% Ga show a phase segregation into a cubic and
a tetragonal phase and (ii) the amount of tetragonal distortion
of the tetragonal phase decreases with increasing Ga content.

The above results qualitatively agree with the structural
behavior expected from an analysis of the tolerance factor ¢
for perovskites of the general formula AMX5 in Table 1. The
tolerance factor

. _r(A) +r(X)
V2[r(M) + r(X)]

describes the interrelation between the perovskite structure
and the associated ionic radii taken from Refs. 35 and 37-39.
To plot the concentrational dependence of the tolerance fac-
tor, one should know the valence state of the ions in the
crystal structure. The valence state of iron is of special im-
portance because the ionic radii of Fe?* and Fe®* differ sig-
nificantly, whereas the ionic radius of Re is practically va-
lence independent. The ¢ values in Table I are based on an
iron valence state Fe?>’* which results from a detailed study
of the iron valence states by means of Mossbauer spectros-
copy (vide infra). The continuous increase of the tolerance
factor ¢ with increasing Ga substitution up to a value ¢
=0.9095 for Sr,Fej3Ga,7ReOq supports the experimental re-
sults of the c¢/a ratios (Table I) because perovskites are sup-
posed to crystallize in a cubic unit cell for £=1. An increas-
ing tetragonal distortion is expected for 1>r>0.8; i.e.,
experimental results and the description based on a space
filling model are in good agreement.

C. Magnetic measurements

The field dependence of the magnetization at 5 K was
measured in order to determine the saturation magnetization
of the samples. Based on the hysteresis loops with small
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TABLE 1. Ga content (x), amount of cubic and tetragonal phase (am,;, and am,,), lattice parameters of the cubic and tetragonal phases
(Ceuby Aot Crewr)» (¢/@)/ 2 ratio, tolerance factor ¢, Re/Fe and Re/Ga disorder ratios (SRF and SRG), and agreement parameters (Ry,p) of the

compounds Sr,Fe;_ Ga,ReOq (0<x<0.7).

amg,, amye _ SRF SRG
x (%) (%) Ceun (A) drerr (A) Cer (A) (c/a)/\2 t (%) (%) Ryp
0.1 0 100 5.5600(5) 7.8966(8) 1.0043 0.9002 0 3.87 4419
0.2 0 100 5.5577(5) 7.8951(8) 1.0045 0.9017 0 3.66 3.512
0.2 0 100 5.5584(5) 7.8912(8) 1.0039 0.9017 0 5.41 4.583
0.25 0 100 5.5579(7) 7.8911(13) 1.0040 0.9025 0 6.45 4.887
0.25 0 100 5.5591(7) 7.8939(10) 1.0041 0.9025 0 6.28 4.765
0.3 0 100 5.5545(8) 7.8840(13) 1.0037 0.9033 0 6.46 3.982
0.3 0 100 5.5573(5) 7.8879(9) 1.0037 0.9033 0 10.35 4.568
0.3 0 100 5.5585(6) 7.8898(10) 1.0037 0.9033 0 10.93 4.987
0.35 0 100 5.5546(6) 7.8850(9) 1.0038 0.9041 0 6.88 4.483
0.4 0 100 5.5532(5) 7.8805(9) 1.0035 0.9048 0 7.95 4.517
0.4 97.63 5.5576(7) 7.886(1) 1.0034 0.9048 0 11.02 4.986
0.4 2.37 7.859(4) 0.9048 0 22.62 4.986
0.9048 0 0.05
0.5 89.39 5.5521(9) 7.872(2) 1.0026 0.9064 0 15.62 4.500
0.5 10.61 7.846(2) 0.9064 50.00 15.29 4.500
0.9064 44.90 50
0.5 93.99 5.5540(6) 7.878(1) 1.0030 0.9064 0 12.35 4.565
0.5 6.01 7.850(2) 0.9064 35.88 28.65 4.565
0.9064 50.00 40.59
0.6 82.54 5.555(1) 7.873(3) 1.0022 0.9079 0 14.49 4912
0.6 17.46 7.847(2) 0.9079 40.00 15.95 4912
0.9079 40.00 46.29
0.7 80.92 5.552(1) 7.867(2) 1.0020 0.9095 0 16.97 4.509
0.7 19.08 7.845(2) 0.9095 30.00 36.82 4.509
0.9095 30.00 48.75

coercive fields (Fig. 9) materials of all compositions can be
classified as soft magnetic.

The experimental saturation magnetization of the solid so-
lution series Sr,Fe;_,Ga,ReOq (0<x<0.7) monotonously
decreases from 2.65up/fu. for 10% Ga substitution to
0.64u/fu. for 70% Ga content (Fig. 10, open squares). The
assumption of a perfectly ordered sublattice of Fe**, Ga’*,
and Re>* cations with ferromagnetic interactions within each
of the two sublattices—Fe/Ga and Re—and antiferromag-
netic interactions between the two sublattices leads to the
following expectation for the saturation magnetization be-
havior: a continuous decrease from 2.5ug/f.u. for 10% Ga
substitution to Oug/f.u. for 60% Ga content, with a subse-
quent increase to 0.5ug/f.u. for 70% Ga substitution (Fig.
10, solid circles). Apparently, the observed trend disagrees
with (i) the experimentally observed dependence of the satu-
ration magnetization from the Ga content of the sample and
(ii) the results of the Rietveld refinement which indicate an
increasing amount of disorder with increasing Ga content in
both phases—the tetragonal and the cubic one.

The simulated saturation magnetization of
Sr,Fe;_,Ga,ReO¢ (Fig. 10, solid squares) is estimated as a
function of the Ga/Re and Fe/Re antisite disorder based on

the following experimental results and assumptions: (i) the
saturation magnetization is calculated for the tetragonal and
cubic phases separately, (ii) the total saturation magnetiza-
tion of samples comprised of a tetragonal and a cubic phase
is calculated by taking into account the relative fraction of
tetragonal and cubic phases in the sample, (iii) the amount of
antisite disorder of each sample was taken from the results of
the Rietveld refinement (Table I), and (iv) a ferromagnetic
interaction is assumed within both sublattices and an
antiferromagnetic interaction between them. The saturation
magnetization obtained in this way decreases from
2.66up/fu. to 0.24up/fu. in the concentration range be-
tween 10% and 70% Ga (Fig. 10, solid squares).

The observed behavior leads to the conclusion that the
concentrational dependence of the saturation magnetization
for SryFe;_,Ga,ReOy (0<x<0.7) can be modeled correctly
by considering the crystal structure as obtained by Rietveld
refinement. Thus, a combination of x-ray refinements and
magnetic susceptibility measurements confirms the presence
of a concentration-dependent antisite disorder. This result
is unexpected because it is in contradiction to earlier
results from investigations on solid solutions of
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FIG. 9. Magnetic hysteresis loops of Sr,Fe;_,Ga,ReOq mea-
sured at 5 K.

SrzFel_xM;Rel_yM’v'O6 reported earlier, which do not show
any antisite disorder.30:40-42

From the magnetic susceptibility measurements, per-
formed between 780 K and 5 K at 0.1 T, Curie temperatures
T were determined to be in the range between 365 K and
401 K. In contrast to the saturation magnetization the 7.
values indicate no systematic trend as a function of the Ga
content. In order to verify this finding, additional batches of
samples were prepared. Magnetic measurements of these
samples confirmed the strong dependence of the correlation
between T and the Ga content upon the sample preparation
history. The distribution of the cubic and tetragonal phases is
dependent upon the relative velocities of the quenching pro-
cedure and the site exchange. Because a macroscopic sample
always exhibits a temperature gradient, it is difficult to pre-
pare a homogeneous sample.

Ga-substituted samples reveal ferrimagnetic behavior in
the total concentration range examined in this study, because
the paramagnetic regime of the high-temperature magnetic
susceptibility data could only be interpreted using a ferri-
magnetic model. The results of the fits were used to extract
the ferrimagnetic (T) and paramagnetic (®,) Curie tem-
peratures and interaction parameter (u) as well as Curie con-

]
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FIG. 10. Experimental saturation magnetization ((J) of
SryFe,_ Ga,ReOy (0<x<0.7) together with the simulated satura-
tion magnetization of (@) the ordered Sr,Fe;_.Ga,ReOg, and (H)
SryFe;_,Ga,ReO¢ with the disorder value as obtained by Rietveld
refinement as a function of the Ga content.
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FIG. 11. Paramagnetic Curie temperature O, versus Ga
content.

stants (C,,Cp) for the two sublattices A and B for
Sr,Fe,_,Ga,ReOq (0.1 <x<0.7). The standard function de-
scribing the molar susceptibility y;, in molecular field ap-
proximation has been applied:*3

_ (Ca+ Cp)T=2uCyCp

Xm

2 9
°-T
with
__ ZIU’CACB
€T C+ Cy
and
Te= p2CyCy.

The paramagnetic Curie temperature ®,. changes from
—157 K for the parent compound to —340 K for the sample
containing 20% Ga. Between 20% and 40% Ga content, O
shows a weak concentrational dependence, whereas it de-
creases slightly for 0.4<x<0.7 (Fig. 11). The weak tem-
perature dependence for 0.2<<x<<0.4 can be explained by
assuming itinerant magnetism whereas the slight decrease of
O for 0.4<x<0.7 can be related to the appearance of the
cubic second phase.?>?3

The Curie constants C, and Cp for the two sublattices A
and B reveal an opposite dependence on the Ga content (Fig.
12). Whereas C, decreases from 8.7 cm®Kmol™' to
5.3 cm® Kmol™!, Cj increases from 1.2 cm?K mol™' to
3.4 cm? K mol™! with increasing Ga content; i.e., the values
for C, and Cp show a tendency to converge. This behavior is
in line with the change of the chemical compositions of the
two sublattices. Together with the decrease of the Fe content
for these compounds, the Re/Ga disorder increases with in-
creasing doping level. In other words, the chemical compo-
sitions of the two sublattices—Fe/Ga and Re—become more
similar upon Ga substitution. Moreover, the absolute values
of C, and Cp for Sr,Fe(¢GajReOq are in good agreement
with the values obtained for Sr,FeRe¢Sby ;0.2

D. Mossbauer measurements

3"Fe-Mossbauer spectra of the samples with x<0.35 ex-
hibit magnetic sextet patterns with relatively narrow lines
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FIG. 12. Curie constants C, (H) and Cg (OJ) of the two sublat-
tices A and B versus Ga content.

corresponding to the only Fe site in symmetrical environ-
ment. In the concentration range 0.35<x<<0.7, a paramag-
netic component with relative intensity of about 10% appears
in addition to the magnetic sextet (Fig. 13). The isomer shift
value of the sextet 6=0.66(1) mm s~! remains constant over
the total range of concentrations. The hyperfine magnetic
field of 465(2) kOe is constant up to a Ga content of 35%
and decreases slowly at higher Ga concentrations, attaining
the value 461(1) kOe at x=0.7. Taking into account the re-
sults of the magnetic measurements, one can conclude that in
spite of the paramagnetic component all spectra correspond
to magnetically ordered phases. Sharp Mossbauer lines ex-
clude a considerable amount of microscopic disorder involv-
ing Fe atoms.

100.0
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99.0

rel. transmission (%)

98.5

100.0

99.8

99.6

rel. transmission (%)

1 1 ! 1

99.4

-1
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FIG. 13. Fe Mossbauer spectra of SryFe;_ GaReOq: (a)
x=0.2, (b) x=0.5.
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The average valence state of Fe can be estimated by com-
paring the isomer shift of the series Sr,Fe,_,Ga,ReOq with
the isomer shift of the parent compound, &(Fe,x=0)
=0.67(1) mms~'.2%22 Thus, the Fe valence state remains
constant at 2.7+ for the whole series leaving the role of the
electronic buffer element to Re.

IV. DISCUSSION

In order to put our results into context we recollect the
most important findings from x-ray diffraction and magnetic
susceptibility measurements. (i) There is a phase separation
of one metastable tetragonal phase into one tetragonal and
one cubic phase for Ga content x=0.4. The phase distribu-
tion is determined by the cooling rate during the preparation
of the primary metastable tetragonal phase rather than by the
Ga content. (ii) The paramagnetic Curie temperature O de-
pends upon the Ga concentration as shown in Fig. 11. (iii)
For Ga content x=0.4 a paramagnetic phase develops in
addition to the magnetically ordered tetragonal phase.

Therefore, we propose that, depending on the Ga content,
two different phases exist. For small Ga concentrations
(x=<0.2), Ga substitutes Fe in a statistical fashion and dis-
turbs the magnetic double exchange between Fe-based and
Re-based magnetic sublattices. The value x=0.2 directly fol-
lows from the concentrational dependence of ®. (Fig. 11)
and indicates the incipient phase separation. For 0.2<x
<0.4, SryFe,_,Ga,ReO¢ separates into two phases. This
separation is not yet detectable by x-ray diffraction or Moss-
bauer spectroscopy but only by the independence of ® - from
the Ga content. For x=0.4, the Mossbauer spectra indicate
the appearance of a second paramagnetic phase. This thresh-
old is in accordance with the appearance of a second highly
disordered, cubic phase detected by x-ray diffraction. This
phase appears to be paramagnetic because the large amount
of antisite disorder enables the Fe atoms to be surrounded by
diamagnetic Ga atoms. As a consequence, these Fe atoms
reveal no hyperfine magnetic field. Presumably, the process
of phase separation for x <(0.4 cannot be traced by means of
Mossbauer spectroscopy and x-ray diffraction due to the ab-
sence of Fe atoms in the paramagnetic, probably Ga-based
phase and the small amount of this phase in the sample,
respectively. The increasing amount of antisite disorder also
explains the fact that we do not observe Fe species with
intermediate values of the hyperfine magnetic field originat-
ing from configurations with different numbers of diamag-
netic Ga neighbors in the first coordination sphere of the Fe
atoms.

The interesting fact that the hyperfine field is constant and
independent of the extent of diamagnetic Ga dilution has
attracted special attention. As mentioned above, Re adopts
the role of an electronic buffer and provides the stability of
the Fe valence state over a wide range of Ga substitutions.
The hyperfine magnetic field on the Fe nuclei mainly de-
pends on the Fermi contact term which depends on the im-
balance of the s electrons. Therefore, the constant density of
s electrons detected in the Mdssbauer experiments is the rea-
son for the concentrational independence of the hyperfine
magnetic field. It seems that the magnetic order is an impor-
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tant precondition, which leads to a constant hyperfine mag-
netic field even in Ga-rich samples.

V. CONCLUSION

In this study we explored the effect of diamagnetic
dilution of the Fe sublattice on the structural and magnetic
properties of the double perovskite Sr,Fe;_,GaReOgq
(0<x<0.7) by means of x-ray structural analysis, magne-
tometry, Mossbauer spectroscopy, and band structure calcu-
lations. An unexpected finding is the observation that Ga not
only occupies the Fe but also the Re lattice site. As a result,
a Ga/Re antisite disorder is observed, which is dependent on
the Ga content. It is a well-established fact that the parent
compound Sr,FeReOg¢ exhibits virtually no Fe/Re (M/M')
disorder. On the other hand, Fe** can easily be substituted by
Ga** because of the similarity of the ionic radii, and it is for
this reason that Ga®* is used for the diamagnetic dilution of
ferric oxides or sulfides. Although the amount of antisite dis-
order increases with increasing Ga content, it is also strongly
determined by the cooling velocity during the sample prepa-
ration. For 0 <x<{0.4 only one tetragonal, magnetically or-
dered phase was detected by x-ray structural analysis, in
agreement with Mdossbauer spectroscopic data. For x=0.4, a
phase separation into one tetragonal and one cubic phase is
detected by x-ray structural analysis. These findings are con-
firmed by the presence of a magnetically ordered and a para-
magnetic phase in the corresponding Mossbauer spectra. In

PHYSICAL REVIEW B 75, 184409 (2007)

summary, the experimental data suggest the formation of two
phases: a ferrimagnetic tetragonal one and paramagnetic cu-
bic one. Below 20% Ga content, Ga statistically enters the
-Fe-O-Re-O-Fe- double-exchange pathways. Phase separa-
tion appears above 20% Ga substitution; between 20% and
40% Ga content, the paramagnetic Ga-based phase appears
not to contain any Fe. The Fe-containing cubic and paramag-
netic phases detected by Mossbauer spectroscopy first appear
for the composition Sr,Fe( (Ga, 4ReOq.

Due to the Ga-content-dependent Ga/Re disorder, a phase
with itinerant magnetic behavior (as in the parent compound
SryFeReOg) coexists with a paramagnetic phase. Re adopts
the role of an electronic buffer element, which keeps the
valence state of Fe constant over a wide Ga substitution
range. Therefore, Re should be viewed as the basic magnetic
element which provides the static ferrimagnetic order for
higher Ga substitution levels. The end member of the substi-
tution series Sr,Fe;_,Ga,ReOq4, Sr,GaReOg, is predicted to
be a half-metallic ferromagnet although it contains no mag-
netic elements. All attempts to synthesize this compound as a
pure single-phase solid have failed so far.
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