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Effects of the lanthanide addition to the Sr,CrReO4 double perovskite
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We have studied the effects of Sr replacement by different lanthanides in Sr,CrReOg. Our attempts at
electron doping of Sr,CrReOg led to multiphasic systems. Single phases are only obtained with the stoichio-
metric formula Sr,_ Ln Cr, »Re;_,»,O0q. We have studied the properties of these compounds with x<0.5 and
Ln=La, Nd, or Sm. All of these samples crystallize in a face-centered cubic cell, which shrinks as Ln-size
decreases. The distribution of Re and Cr atoms has been solved using x-ray diffraction. The samples show
spontaneous magnetization at room temperature with large coercive fields. The Ln addition slightly affects the
Curie temperature although the saturated magnetic moment decreases, owing to the increase of antisite defects.
We have also studied Sr,_,Nd,Cr;,.»Re;_,»0¢ and Sr,_ Sm,Cr, »Re;_»0¢ (x<0.5) by means of x-ray
absorption spectroscopy. The spectra at the Cr K edge agree with the presence of Cr3* for all compounds
although changes with increasing the rare-earth content are visible at the preedge features. These changes
suggest a change in the Cr-O covalency of the samples with increasing Ln content. Measurements at the
Re L, 3 edges reveal the presence of Re>* in all compounds. This implies that replacing Sr by Ln does not

affect the electronic state of both Cr>* and Re’*.
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I. INTRODUCTION

There is much interest in the study of ferromagnetic ox-
ides with a Curie temperature (7)) well above room tem-
perature and with a high spin polarization of the conduction
electrons.'~* Such materials are potentially useful for appli-
cations in magnetoelectronic devices. There are several
members belonging to the so-called double perovskite (DP)
family namely, Re- and Mo-based compounds, exhibiting a
half-metallic ground state and a high T..! Among them,
Sr,CrReOg¢ has one of the highest 7. and a large
conductivity.> One successful route to further increase T in
Mo-based DP was via electron doping, i.e., partial substitu-
tion of Sr with rare-earth (Ln) in order to fill the 4d 1,,
minority spin band.? In this way, T was increased to more
than 100 K for one doped electron per unit cell in the
Sr,_,La,FeMoOj series.?

However, this strategy failed to increase 7 in Sr,CrReOgq
through Nd** doping (Sr,_,Nd,CrReOy) as these compounds
showed equal or lower 7 together with an increase of the
electrical resistivity.* This result is even more amazing, tak-
ing into account that Sr,CrOsO¢ with a completely filled 5d
I, minority band shows the highest 7. among these
compounds.’ The presence of secondary phases in the prepa-
ration of Sr,_ I.n,CrReO¢ could throw doubts on the actual
atomic stoichiometry for the main phase. In order to shed
light on this subject, an accurate structural study is needed to
overcome the current lack of knowledge about the phase dia-
gram in the La-Sr-Cr-Re-O system and the possibility of the
existence of effective electron doping. With this aim, we
have developed the present study of the crystal and elec-
tronic structures for a wide set of double perovskites with
nominal composition ranging between Sr,_,L.n,CrReO4 and
Sr,_,Ln,Cry,,»Re;_,»04 (Ln=La, Nd, and Sm).
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In order to determine the extent of doping, a local tech-
nique is needed to independently determine the electronic
change on both Re and Cr atoms. For such studies, x-ray
absorption spectroscopy has proven to be a powerful tech-
nique to obtain information about the electronic structure and
local geometry around different absorbing atoms in many
systems.® In this survey, we have measured the x-ray absorp-
tion near edge structure (XANES) and extended x-ray ab-
sorption fine structure (EXAFS) spectra of Ln-based DP at
both the Cr K and Re L edges. Unfortunately, the coincidence
of La L and Cr K edges prevented us from studying La-based
samples and, for the same reason, the study was limited to
the XANES spectroscopy for the Nd-based samples. How-
ever, XANES and EXAFS spectra can be recorded for the
Sm-based samples, allowing us to extrapolate our conclu-
sions to the rest of the series due to the fact that the rare-
earth size had minor effects on the structural properties of
these compounds as can be seen later.

II. EXPERIMENTAL

Polycrystalline Sr,_,Ln,CrReOgq and
Sr,_,Ln,Cry,,nRe _,»n0¢ samples (x=0, 0.1, 0.3, and 0.5;
Ln=La, Nd or Sm) were prepared by solid-state reaction.’
Stoichiometric amounts of SrCO;, Ln,0;, Cr,03, ReO3, and
Re (ReO3/Re ratio is 5/1) were mixed and pressed into pel-
lets. The pellets were heated at 1375 °C for 2 h in a gas flow
of Ar/H, (ratio of 99.9/0.1). This process was repeated sev-
eral times up to the end of the chemical reaction. The
samples were characterized by means of x-ray powder dif-
fraction at room temperature. The patterns were collected
using the Bragg-Brentano 6-26 geometry with a Rigaku
D-Max system (rotating anode). The patterns were collected
between 15° and 126° in steps of 0.03° and a counting rate of
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4 s per step. Rietveld analysis was carried out using the
FULLPROF package program.®

Magnetic measurements were made using a superconduct-
ing quantum interference device (SQUID) magnetometer
from Quantum Design and a vibrating sample magnetometer
(VSM) from AD Technologies.

X-ray absorption spectra were recorded at BM29 beam-
line of the ESRF in Grenoble (France).’ The storage ring was
operating at 6 GeV electron energy and ~200 mA electron
current. The measurements were carried out in transmission
mode on powder samples. The beam was monochromatized
by a fixed-exit Si(111) double crystal at both the Cr K and
the Re L, , 3 edges. Harmonic rejection better than 107 was
achieved by using a Si mirror coating of the double flat mir-
ror installed after the monochromator. The energy resolution,
SE/E, was estimated to be about 7 X 107 and 1 X 10~ at the
Cr K and Re L, , 5 edges, respectively. XANES spectra were
recorded at the Cr K and Re L, 5 edges, whereas EXAFS
spectra were taken at the Cr K and Re L; edges. The mea-
surements were carried out at selected temperatures between
35 and 295 K. A Cr foil and a pellet of metallic Re were
simultaneously measured for energy calibration at each re-
spective absorption edge. The XANES spectra were normal-
ized to the high energy part of each spectrum (~100 eV
beyond the edge) after background subtraction. We have also
recorded XANES spectra of Cr, Cr,03, CrO3, and LaCrO; as
references for the CrK edge. Re, ReO,, ReO;, and
Sr;Re 0,4 were also measured as standards for the Re L
edges.

The EXAFS structural analysis was performed using the
ARTEMIS program,'® which makes use of theoretical stan-
dards from FEFF6.!! The fits were carried out in R space using
a sine window and clusters of ~4 A, which include contri-
butions from the first, second, and third shells. Nevertheless,
the discussion will be focused on the first coordination shell
because it is correlated with the main physical properties.

III. RESULTS AND DISCUSSION

Sr,CrReO¢ can be prepared as a single phase although
some batches showed traces of metallic Re and Sr;;Re,O,,.
Sr,CrReOyg is cubic with an ordered arrangement of CrOg
and ReOg octahedra with antisite defects as reported
elsewhere.” The x-ray patterns of Sr,_,Ln CrReOg always
were composed of a main cubic phase contaminated with
Sr;1Re 0,4, as can be seen in Fig. 1. The ratio of the sec-
ondary phase tends to increase while the doping level in-
creases. In this case, single-phase samples could only be ob-
tained with Cr/Re > 1, suggesting an excess of Cr occupying
Re sites. For instance, the x-ray patterns of Sr; sLaj sCrReOg
and Sr; sLaj sCr; 1o5sReq 7504 are compared in Fig. 1. The lat-
ter is single phase, and the only difference between both
patterns concerns the presence of a secondary phase in the
St sLag sCrReOg sample. For all single-phase compounds,
chemical analysis confirmed that the Cr/Re ratio is close to
(14x/2)/(1-x/2), x being the rare-earth content. Moreover,
the Sr,_ LnCr;,»Re;_,»Oq samples seem to be the only
magnetic phase above room temperature because Sr;;Re O,y
only shows weak ferromagnetism below 10 K.'? This feature
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FIG. 1. From top to bottom, details of the x-ray patterns for
Sry 7Lag3CrReOg, Sry sLag sCrReOg, and Sry sLag sCry 25Req 7506.
Asterisk denotes the main peak for the Srj;Re;,O,4 phase.

is clearly seen in Fig. 2, where magnetization curves for
selected samples are plotted. The data were collected at
1 kOe on warming. Sr,CrReOg orders ferromagnetically
around 600 K, in agreement with previous studies.> The La
addition leads to a decrease of magnetic moment, but the 7
remains almost constant, and this is true for both sets of
samples, Sr,_La Cr;,,»Re;_,»,O¢ and Sr,_ La CrReOq.
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FIG. 2. Magnetization vs temperature curves for (A)

Sr,CrReO, (B) Sry 7Lag 3Cr; 15Re 850, (C) Sty 7Lag3CrReOs, (D)
Sry sLag 5Cr; 25Re( 7504, and (E) Sr; sLagy sCrReOg, measured using
a VSM setup and an external field of 1 kOe. Inset: Hysteresis loops
of Sr,_,La,Cri,,»Re;_»0q (x=0, 0.3, and 0.5) measured with a
SQUID at 5 K.
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FIG. 3. Experimental (points), calculated (line), and difference
x-ray patterns for Sr;-Lag3Cr; ;5Reqg506. Allowed reflections are
also indicated as bars at the bottom. Inset: Lattice parameter vs
chemical composition for Sr,_,La Cry,,»Re;_,»0q samples. Ln is
given for each curve.

The differences observed below T may be ascribed to
subtle changes in the magnetic anisotropy and the lack of
magnetic saturation with an external field of 1 kOe. This fact
is displayed in the magnetic isotherms measured at 5 K (see
inset of Fig. 2). Magnetic saturation is not achieved at 5 T,
and the magnetization at high field decreases with increasing
La content. The hysteresis loops exhibit very large coercive
fields (more than 1 T in some cases). We conclude that the
Sr,_,Ln Cry,»Re _,,04 phase is responsible for the mag-
netic behavior. Therefore, we will focus this work on the
structural properties of Sr,_ LnCri . »Re;_,,0q single
phases.

A. Crystal structure at room temperature

The room temperature x-ray patterns were used to deter-
mine the crystal structure of Sr,_ LnCr, nRe_»04 with
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x=0, 0.1, 0.3, and 0.5. All of the samples were refined as
double perovskites in the cubic space group Fm-3m with a
unit cell of 2a,X2a,X2a,, where a, is the unit cell of the
simple cubic perovskite. For instance, the refinement for
Sr; 7Lay5Cr; ;sRep 504 is shown in Fig. 3 and the refined
parameters for the different samples are listed in Table I. The
small number of peaks observed in the patterns indicates
high crystal symmetry. Nevertheless, some features of the
spectra have to be mentioned. First of all, the diffraction
peaks are very broad, especially at high angles and for high
Ln content. This fact can be indicative of a low crystallinity
of the samples. Moreover, the refined temperature factors for
oxygen atoms are very high and they increase as the Ln
content increases (see Table I and compare with the values
for the parent compound Sr,CrReQOg). This could suggest the
presence of oxygen vacancies, which would imply an oxida-
tion of the Cr/Re atoms. Another possibility could be a
structural microstrain induced by either antisite defects or
Sr/Ln disorder. In any case, the cubic cell may be an average
structure for a set of random distortions and the actual cell
for these compounds would have a lower symmetry. Only the
pattern of Sr; sSmg sCr; ,5Req 7504 exhibits very weak and
broad superstructure peaks that can be indexed in a mono-
clinic structure with P2;/n symmetry and unit cell dimen-
sions v’ZapX \Ea,,x 2a,. This space group is typical of DP
showing a combination of tilting octahedra, in phase about
[001] and out of phase about [110]."3 Our efforts to analyze
the Sry sSmg sCr »5Re 7504 pattern in the P2,/n space group
always led to unstable refinements, probably due to the
aforementioned effects. Therefore, we only report the refine-
ment in the cubic group for the sake of comparison with the
rest of the series.

The cell size decreases following the trend of the lan-
thanide contraction that overcomes other contributions (see
inset of Fig. 3). For the sake of comparison, an effective
electron doping was reported to produce volume expansion
in Mo-based double perovskites.> The space group Fm-3m
allows an ordered 1:1 arrangement of the Cr and Re atoms
over the two possible sites, 4a at (0, 0, 0) and 4b at (% ,0,0).

TABLE 1. Refined structural parameters (lattice, temperature factor, atomic occupation, and fractional coordinate) and reliability factors
(as defined in Ref. 8) for Sr,CrReOg¢ and Sr,_,Ln,Cr;,,nRe;_»O¢. Ln, is given for each column.

SryCrReOg Lag Lag 3 Lags Ndy Ndy; Ndy 5 Smy | Smyg 3 Smy 5
a (A) 7.8152(1)  7.8179(1) 7.8120(1) 7.8082(1) 7.8123(1) 7.8019(1) 7.7899(1) 7.8098(1) 7.7926(1) 7.7733(1)
Sr at (% % %
B (A?) 0.86(2) 0.85(2) 1.20(2) 1.01(2) 0.89(2) 0.82(2) 1.39(2) 0.97(1) 1.11(2) 1.17(4)
Crat (000)
B (A? 0.39(3) 0.22(4) 0.24(4) 0.32(5) 0.45(5) 0.16(9) 0.39(6) 0.27(3) 0.21(4) 0.16(5)
Occ. Cr/Re 86/14 85/15 86/14 87/13 83/17 84/16 85/15 88/12 81/19 82/18
Re at (% 00)
B (A?) 0.06(3) 0.08(2) 0.20(2) 0.14(3) 0.29(3) 0.08(3) 0.42(3) 0.21(2) 0.28(3) 0.34(5)
Occ. Cr/Re 14/86 20/80 29/71 38/62 22/78 31/69 40/60 17/83 34/66 43/57
Oat(x00)
X 0.2505(4)  0.2505(5) 0.2507(5) 0.2503(6) 0.2509(7) 0.2506(5) 0.2507(6) 0.2506(4) 0.2504(6) 0.2503(6)
B (A% 0.74(5) 0.90(7) 1.24(4) 0.88(8) 1.03(11) 1.23(6) 1.34(9) 1.11(6) 1.77(7) 2.29(9)
Ryp/ Rprage 7.9/4.2 9.9/3.7 9.1/3.2 8.6/4.1 10.3/3.9 8.5/4.7 9.1/3.4 7.6/4.2 8.2/3.4 11.5/4.5
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FIG. 4. Normalized Cr K-edge XANES spectra for metallic Cr
(dot-dashed line), Cr,O3 (dashed line), LaCrO; (dotted line),
Sr,CrReOg (thick line), and CrO; (thin line). A and B denote
preedge features at the Sr,CrReOg spectrum. Inset: Edge position,
defined as the maximum of the first derivative of the normalized
XANES, for Sr,_NdCri,,»Re|_,»O0¢ (filled squares) and
Sr,_ Sm,Cry,,nRe;_,nO06 (open squares) at 295 K. The filled and
open symbols for x=0 correspond to the values at 35 and 295 K,
respectively.

The site occupation was refined under the constraint that the
total occupation (addition of both sites) was equal to the
nominal stoichiometry. The results indicate that the parent
compound contains antisite defects (around 15%) as reported
elsewhere.” Here, 0% means a full ordering, while 50% im-
plies complete disorder. The addition of the lanthanide and,
accordingly, the excess of Cr imply an increase of the Cr
occupation at the 4b site (or “Re site”), whereas an almost
constant mixture of Cr and Re remains on the 4a site. If this
trend was followed in the whole Sr,_,L.n Cr,,»Re;_,»O¢ se-
ries, one would expect that superstructure peaks arising from
a DP structure would exist up to x ~ 1.4. Above this value, a
solid solution of both metals would be expected, giving rise
to a single perovskite unit cell.

B. Cr K-edge x-ray absorption near edge structure

The aforesaid limitation of the diffraction study indicates
the need for a spectroscopic investigation to fully character-
ize this system. X-ray absorption spectroscopy probes local
structure around the photoabsorbing atom and allows us to
determine if the charge distribution between Cr and Re at-
oms is modified after lanthanide addition. Such a change in
the charge distribution was observed in Mo-based DP de-
pending on the alkaline-earth atom.'#

Figure 4 shows the CrK-edge XANES spectra of
Sr,CrReOg, the Cr** standards LaCrO5 and Cr,05, the Cr*
standard CrO;, and metallic Cr. This edge is highly sensitive
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to the local structure and, for instance, CrO; exhibits a sharp
peak in the preedge region at 5993 eV, which is ascribed to
the dipole-forbidden transition 1s— 3d. The presence of this
strong feature is in agreement with a tetrahedral coordination
for the Cr%" without an inversion center.'> The rest of the Cr
oxides with an octahedral coordination show less intense
preedge features. The absorption edge position is related to
the Cr oxidation state, as can be seen in Fig. 4. The absorp-
tion edge shifts to higher energy with increasing Cr valence.
The rising part of the Sr,CrReOg4 main edge coincides with
that of the LaCrO;. According to the fact that both com-
pounds have a similar crystal structure (perovskite), a formal
Cr** oxidation state is deduced for Sr,CrReOgq. The other
Cr* standard, Cr,03, also exhibits a similar chemical shift
although, in this case, the edge shows a bimodal feature that
may be ascribed to the different crystal structure (rutile). The
spectra for the rest of the Sr,_,L.n,Cr;,,»Re;_,»0¢ samples
(Ln=Nd or Sm) are identical to that of Sr,CrReOg. We have
taken the strong maximum at the first derivative of the ab-
sorption spectra as the position for the absorption edge. Ob-
tained data are plotted in the inset of Fig. 4 for the two series.
We have also included the data for the parent compound at
two temperatures. It is clear that the edge position remains
almost constant within the experimental error. Therefore,
there is no significant change in the oxidation state of Cr
atoms after replacing Sr by rare earths and it remains Cr’*
for all the studied samples.

The main difference between LaCrO; and the DP con-
cerns the preedge region. Both kinds of compounds present a
small peak at around 5990 eV, denoted as A in Fig. 4. How-
ever, the DP shows a prominent feature at ~5997 eV, de-
noted as B, which is completely different from the features
observed in LaCrOs. There are two possibilities to account
for B. Compounds containing Cr>* species display a similar
feature at the same energy.'® However, there is a significant
chemical shift (~4 eV) between Cr’* and Cr’* as can be
seen in the XANES spectra reported for compounds with
Cr?*.1617 Taking into account the absence of chemical shift
between our DP and LaCrO;, we can infer the presence of
only Cr** in these compounds. A similar oxidation state was
found for Cr atoms in the XANES of Mo-based DP.!*!3

Preedge features at transition-metal K edges are mainly
attributed to quadrupole 15— 3d transitions since this transi-
tion is dipole forbidden. Quadrupole transitions are orders of
magnitude weaker than dipole transitions,'® and the increase
in the intensity of the preedge features was attributed in
some cases to the spreading of 4p band, which mixes into 3d
orbitals.?>2 Another possibility is that feature B can be re-
lated to the Cr 3d-O 2p hybridization since theoretical stud-
ies on binary oxides have demonstrated that transitions to
hybridized 3d-like orbitals made up of 3d metal orbitals and
2p oxygen orbitals can account for the presence of signifi-
cant dipole transitions.>> Both mechanisms provide some
electric dipole allowed 1s—np character to the transition
and adds intensity to the preedge features. In these DP, the
transition metal is surrounded by six oxygens, forming an
octahedron (as occurs in compounds studied in Ref. 23), and
neighboring octahedra strongly interact with each other, pro-
ducing extended energy bands.

In order to accurately compare the intensities of the
preedge peaks, we have fitted the normalized spectra of Fig.
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4 with the addition of a symmetric Lorentzian and a hyper-
bolic tangent (tanh) function between 5.97 and 6.01 keV.
Selecting the white line maximum and the inflection point as
starting values for the centers of the Lorentzian and tanh
parts, convergence is easily achieved. In fact, there is no
need to remove the preedge range (between 5.97 and
6.02 keV) from the fit range because the same result is ob-
tained in both conditions. Figure 5(a) depicts the absorption
edge and the fit for Sr,CrReOg4 at 295 K. The inset of Fig.
5(a) shows the result of subtracting the base line (fit) from
the experimental spectra. Three features are clearly observed
in the preedge region. In addition to the A and B peaks, a
shoulder (denoted as C in the inset) is clearly noticeable. The
preedge peaks could not be fitted to Lorentzian functions
satisfactorily, but accurate fits were obtained by using Gauss-
ian functions as shown in the same inset. This fit reveals that
the B-peak area is 1 order of magnitude higher than any of
the other two peaks and that the presence of dipolar contri-
butions are more likely for the B peak.

The preedge features of Sr,_,Nd,Cr;,,»Re,_,»,0q samples
are compared to those of LaCrO; in Fig. 5(b). The small
peak A is present for all samples at the same energy and with
similar intensity. This peak is ascribed to pure quadrupole
transitions as occur in related oxides,”>?* and it is extremely
sensitive to the 3d orbital occupation as demonstrated for
Ti0,.2? In this way, it further supports the presence of Cr** in
DP. The rest of the preedge features in DP are completely
different from LaCrOjs. Sr,CrReOg has the strongest peak B,
whose intensity decreases with increasing content of the rare
earth. In the inset of Fig. 5(b) is plotted the area of this peak
for the DP studied, showing a clear decrease as the rare-earth
content is increased. A decrease in the electrical conductivity
of these samples with increasing Ln concentration has been
reported previously.* This result agrees with a concomitant
decrease of the orbital overlapping between Cr and oxygen
atoms so that we can assume that the intensity of B would be
related to the degree of Cr-O covalency.

C. Re L-edge x-ray absorption near edge structure

Figure 6 shows the Re L;-edge XANES spectra of
Sr,CrReOg, the Re** standard ReO,, the Re®* standard
ReO5, the Re®>* standard Sr;Re,0,4, and metallic Re. This
edge is caused by 25— 6p transitions and it provides similar
information as a K edge.

ReOj; shows a crystal cell similar to a DP, but with vacan-
cies at the Sr position. Sr;;Re;O,, is a Sr-deficient DP with
Re in two oxidation states, half in 6+ and half in 7+ (average
6.5+).12 In both cases, there are ReOg¢ octahedra sharing cor-
ners. ReO, is also formed by ReOg octahedra but, in this
case, they share edges.? It is clear that the edge position for
Sr,CrReOg lies between Re** and Re®* standards, as can be
seen in Fig. 6. The rest of DP in our study (not shown here)
showed an L;-edge spectrum nearly identical to that of
Sr,CrReOg. The first derivative of the Re Li-edge XANES
spectra, shown in the inset of Fig. 6, reveals a bimodal fea-
ture for the edge region. The higher energy derivative peak is
quite sensitive to the chemical shift as can be seen in this
inset. From this plot, we realized that there is a linear rela-

PHYSICAL REVIEW B 76, 144402 (2007)

1.4 T T T

o
=)

1.2

b. units)

E (KeV) Area (eV) [ .
£ 012 FA 5990 0.05 fi
C 5993 0.09
B 5.997 0.68

-
T

o

o

©

0.8

0.6

Norm. Absorption (ar

0.4 |- 5.988 5.992 5.997
Energy (keV)

0.2

Normalized Absorption (arb. units)

0
5.98 5.985 5.99 5.995 6 6.005

Energy (keV)

B SrZCrReOG |

0.16

0.12

0.08 - gu0. |
0 01 02 03 04 05
Ln-content (x) |

0.04 A / /

Normalized Intensity (arb. units)

5.988 5.992 5.996 6

Energy (keV)

FIG. 5. (a) Normalized CrK-edge spectrum (circles) for
Sr,CrReOgq at 290 K together with the base line obtained from the
fit to a tanh and a Lorentzian function (continuous line). Inset:
Preedge features (circles) from the normalized spectrum after the
subtraction of the base line. The features have been fitted to three
Gaussian functions (continuous line) whose position and areas are
also indicated. The Gaussian peaks are shifted downwards (dotted
lines) for the sake of clarity. (b) Detail of the preedge structures in
the normalized XANES spectra after background subtraction for
Sr,_ Nd,Cry,»Re;_»0¢ (x=<0.5) and LaCrOs. Inset: Value of the
B area for Srz_dexCrl+X/2Rel_x/206 and Srz_XSmerlﬂ/zRel_X/ZOG
series.

tionship between the energy position of this peak and the
nominal 5d-orbital occupation of the standards, which is
plotted in Fig. 7. We have taken this derivative peak centroid
as absorption edge for all samples and its value is close to
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FIG. 6. Normalized Re L;-edge XANES spectra for selected
samples. Inset: First derivative of these spectra around the absorp-
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the half-height of the absorption edge. The position for the
undoped sample is in agreement with an electronic configu-
ration close to 542, which is the expected electronic configu-
ration of a Re’ ion. The edge position for the rest of the
Ln-based DP is displayed in the inset of Fig. 7. There is no
clear trend for any edge position shift with the Ln concen-
tration and, in fact, the edge position seems to remain con-
stant within the experimental error. The inferred electronic
configuration for Sr,_,L.nCry,»Re;_,»Oq samples always
lies close to the value expected for Re>*, i.e., within the
dashed lines plotted in Fig. 7. Consequently, the Re L;-edge
XANES spectra agree with a formal Re’* valence for all
Ln-based DP.

Figure 8 shows the Re L,-edge and Re L;-edge XANES
spectra for selected DP and reference compounds. The spec-
tra of DP are characterized by strong white lines as expected
from the presence of empty 5d states.”® The absorption at the
Re L, or Re L edges is caused by the ionization of a 2p,, or
2ps;, core electron, respectively. Therefore, these edges
probe the 2p,,— 5d3/, (L, edge) and 2p3;— 5d3p,5ds), (L3
edge) transitions. None of these edges seems to be very sen-
sitive to the chemical shift and, for instance, the edge posi-
tion of Sr;;Re; 0,4 and ReO; is very similar at the L, edge,
whereas the L; edge of Sr;;Re O,y is at a lower energy in
spite of its higher Re valence. For DP and ReO,, both L, and
L5 edges lie at similar energy positions.

The reference compounds, metallic Re and ReO,, have a
broad peak at both edges. The rest of the samples present a
double peak in each edge. The presence of a double peak is
usually found in L, 5 edges of transition metals with an oc-
tahedral coordination, and it is generally ascribed to the crys-
tal field splitting of d orbitals into 7,, and e, states.”’ In the
case of Re L, edge, the stronger peak occurs at lower ener-
gies, while the opposite is observed for the Re L; edge as
found in Fe-based DP.?8
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FIG. 7. Re L;-edge position vs 5d electron occupation for Re
standards (circles). A linear fit is also displayed. The thick line
relates the edge position for Sr,CrReOg¢ to the 5d occupation.
Dashed lines limit the region for the edge position of
Sr,_,Nd,Cry,,»Re|_,»,O¢ and Sr,_ Sm Cry,,»Re;_,»,O0¢ samples.
Inset: Re L;-edge position for Sr,_,Nd,Cr;,,»Re;_,»O¢ (circles)
and Sr,_,Sm,Cr;,,»nRe;_»O¢ (squares) series. The lines have the
same meaning as the main figure.

We have fitted both absorption edges to two symmetric
Lorentzian functions and a tanh. Figure 9(a) depicts the fit of
L, edge for Sr,CrReOg in the range between 11.94 and
11.98 keV. Normally, the intensity of the white lines in the
L, 5 edges can be correlated to the number of d holes, allow-
ing an estimation of the oxidation state. A first sight to the
standard compounds in Fig. 8 reveals that different trends are
followed for L, or Ly edges. These differences may be as-
cribed to different effects such as the extent to which the 5d
electrons are part of a conduction band which tends to delo-
calize the final state, the 5d spin-orbit coupling, and multi-
plet effects, i.e., correlation effects between the 2p core hole
and the 5d holes.? It was reported that L, edges are less
affected by multiplet effects than L; edges for 4d systems,*”
and this also seems to work for our 5d system. We have
calculated the areas of the white lines for all compounds
including the standards, as indicated in Fig. 9(a). The areas
were approximated to FWHM X height, FWHM being the
full width at half maximum. There is no clear relationship
between the white line area and the 5d occupation in the case
of the L; edge. However, there is a linear relationship for the
case of the L, edge, as can be seen in Fig. 9(b). The total area
(P,+P,) for our DP samples ranges between 18.9 and
19.6 eV [see inset of Fig. 9(b)], which agrees with an elec-
tronic configuration close to 54°. This assignment concurs
with the previous result obtained in the analysis of the L,
edge.

D. Extended x-ray absorption five structure

The Cr K-edge EXAFS spectra were collected for the
Sr,_,Sm,Cr,,»Re,_,,0¢ samples up to k~ 13 A~!. These
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FIG. 8. Normalized (a) Re L,-edge and (b) Re L;-edge XANES
spectra of Sr,CrReOg and selected references.

measurements were not possible for the Nd-based com-
pounds due to the proximity of the Nd L; and Cr K edges.
The Fourier transform (FT) of the k-weighted EXAFS spec-
tra was calculated between 3 and 12 A~! using a sine win-
dow, and the structural features up to 6 A are shown in Fig.
10(a). The FT shows a strong peak at ~1.55 A, correspond-
ing to the Cr-O distance without a phase-shift correction. The
second and third coordination shells show two peaks be-
tween 2.5 and 3.8 A. Contributions from single, Cr-Re and
Cr-Sr(Sm), paths, together with multiple-scattering paths,
mainly Cr-O-O and Cr-O-Re, account for both peaks. The
structural analysis between 1 and 4 A was performed using
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FIG. 9. (a) Normalized Re L3-edge spectrum for Sr,CrReOg at
290 K (circles) and the fit (continuous line) using the addition of
two Lorentzian functions and one tanh function. These functions are
also depicted below the fit. The position and area for both peaks are
also indicated. (b) Area of the total L, white line vs 5d electron
occupation for Re standards (circles). A linear fit is also displayed.
The thick line relates the area for Sr,CrReOg to the 5d occupation.
Dashed lines limit the region for calculated areas of
Sr,_ Nd,Cry,,nRe|_,»0g and Sr,_ Sm,Cr,,nRe;_»,0q samples.
Inset: Values of the areas for Sr,_ Nd,Cry, »Re;_,»Og (circles) and
Sr,_ Sm,Cry,,nRe;_,»0¢ (squares) compounds vs the Ln content
(x). The lines have the same meaning as the main figure.

the ARTEMIS software!? in the R-space fitting mode. The fits
are displayed in Fig. 10(a), and the main structural param-
eters for the first shell are summarized in Table II for two
selected temperatures. In these fits, the coordination numbers
were fixed to their crystallographic values and the amplitude
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FIG. 10. (a) Fourier transforms of the ky(k) EXAFS spectra at
the Cr K edge for Sr,_,Sm,CrReOgq series at 35 K. Solid lines are
the best-fit simulations only considering contributions between 1
and 4 A. (b) Fourier transforms of the ky(k) EXAFS spectra at the
Re L; edge for Sr,_,Sm CrReOg series at 35 K. Solid lines are the
best-fit simulations only considering contributions between 1.2 and
3.9 A. The x values are given for each curve and the spectra are
shifted upwards for the sake of clarity.

reduction factor sé was set at 0.7, in agreement with previous
calculations.?! Therefore, only bond lengths, Debye-Waller
factors, and threshold energy (E,) were refined. The inter-
atomic distances remain practically constant in the whole
series and minor changes are noticed with decreasing tem-
perature. All samples exhibit an average Cr-O bond length
close to 1.955 A, similar to either the reported value’? in
LaCrO; or the theoretical value expected for a Cr** jon.%
Therefore, the EXAFS analysis concurs with the XANES
study that Ln addition does not induce significant changes in
the Cr oxidation state.
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EXAFS spectra were also measured at the Re L5 edge. In
this case, measurements of the Sr,_,Nd,Cr,.»Re;_,»,O¢
samples were also possible, with identical results to the Sm-
based compounds. Oscillations at this edge are still visible
up to 15 A™', and the FT of the k-weighted spectra shown in
Fig. 10(b) was calculated between 2.8 and 15 A~! using a
sine window. The FT spectra reveal similar features with a
strong peak around 1.5 A (without a phase-shift correction),
which corresponds to the Re-O distance. Also two noticeable
peaks are observed between 2.5 and 3.8 10%, ascribed to Re-
Cr, Re-Sr(Sm) single-scattering paths and multiple-scattering
contributions. Fits in R space were carried out between 1.2
and 3.9 A, as can be seen in Fig. 10(b). In this case, the s%
factor was fixed®! to 0.78 and the crystallographic values
were taken as coordination number. Only the E,, bond
lengths, and Debye-Waller factors were refined as in the
Cr K edge case. The structural parameters are also summa-
rized in Table II. The Re-O bond lengths also concur with the
previous crystallographic study and their values are around
1.935 A, very similar to those found in other double perovs-
kites showing Re’*.2® Moreover, oxides with formal Re®*,
such as ReOs, show Re-O distances® around 1.87 A, signifi-
cantly smaller than the present case. Therefore, the EXAFS
analysis agrees with the presence of Re>* for all samples.

The data from Table II also reveal that CrOg octahedron is
a bit bigger than the ReOg4 one. However, the great similitude
between Re-O and Cr-O distances explains the tendency to
form antisite defects in these compounds. Both atoms have
very symmetric octahedral environments as deduced from
the small value of the Debye-Waller factors found. These
factors remain small even for samples with high Ln content,
where more Cr is located on the Re site with slightly differ-
ent distances. This suggests that our EXAFS analysis is not
sensitive to this minor local change. In fact, the environment
changes produced by antisite defects in these materials are
still lower than the spread of Cr-O distances (between 1.94
and 1.99 A) in the reference compound LaCrO;.32

IV. CONCLUSIONS

In the present study, we have shown that the synthesis of
Sr,_,Ln,CrReOgq single phases is not possible using conven-
tional synthetic routes. Competitive Sr,_ Ln,Cr, . »Re;_»O0¢
and Sry;Re,O,, phases are formed. This implies the signifi-
cant difficulty in preparing electron doped DP in these Cr-
based systems. Magnetic measurements confirm that
Sr,_.LnCry,,»Re _»Og¢ compounds are the only magnetic
phases above room temperature. They exhibit large coercive
fields, and the magnetic moment decreases following the
trend of the Cr occupation in the Re site, in agreement with
a ferromagnetic coupling between both sublattices. However,
the parent compound shows a magnetic moment higher than
that expected from the spin-only contribution, suggesting an
important role from unquenched angular contribution.”

Then, we have characterized the structural properties of a
different family of DP, the Sr,_,Ln,Cr,,»Re;_,»Oq4 series,
with Ln=La, Nd, or Sm. The x-ray patterns of these com-
pounds can be indexed using a cubic face-centered cell. The
Rietveld refinement confirms this fact although it suggests
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TABLE II. Structural parameters for the first coordination shell (bond lengths and Debye-Waller factors).
They are extracted from the fits of Fig. 10 for Sr,CrReOg (denoted as Sr,) and Sr,_,Ln,Cr;,,»Re;_»04
(denoted as Ln,) samples. The reliability factors, defined in Refs. 10 and 11, refer to the whole fit (not only
the first shell). Coordination number is fixed to 6 for all cases.

Cr K edge Re L; edge
T Cr-O a2 x1073 Re-O a2 x1073
Sample (K) A) (A% Ry (A) (A% R

Sr, 25 1.954(12) 1.5(7) 0.012 1.935(4) 1.3(5) 0.016
290 1.957(12) 1.8(7) 0.015 1.937(5) 1.7(5) 0.014
Sm 25 1.947(12) 2.0(7) 0.015 1.933(4) 1.8(5) 0.013
290 1.951(12) 2.2(7) 0.015 1.935(5) 2.1(4) 0.014
Smy 3 25 1.954(12) 1.5(7) 0.017 1.935(4) 1.6(5) 0.018
290 1.960(12) 1.9(7) 0.018 1.936(5) 2.0(5) 0.017
Smy 5 25 1.961(12) 2.2(7) 0.014 1.935(5) 1.5(4) 0.019
290 1.965(12) 2.4(7) 0.019 1.937(4) 2.1(5) 0.017
Nd ; 25 1.933(5) 1.6(5) 0.014
290 1.934(5) 1.7(4) 0.016
Nd 3 25 1.939(4) 1.2(6) 0.018
290 1.940(5) 1.6(5) 0.02
Ndg 5 25 1.937(4) 1.3(5) 0.019
290 1.939(4) 2.4(6) 0.017

the presence of microstrain or defects for samples with a
high Ln content. This may be ascribed to the smaller size of
Ln3*, especially in the case of Sm**. A consequence of this
microstrain is the presence of large temperature factors for
oxygen atoms, making the calculation of bond lengths less
reliable. In order to complete this characterization, we have
investigated the local structure of both Re and Cr in the
Sr,_,Ln Cr,»Re;_,,0q DP. The sensitivity of the XANES
technique has been used to check the oxidation state of both
metals. In this way, the chemical shift of the Cr K edge re-
vealed the presence of Cr’* ions for all compounds. On the
other hand, the edge position of the Re L, spectra agrees with
the presence of Re’* in the same compounds. Accordingly,
we have tested the relationship between the area of the
Re L, ; white lines and the unoccupied 5d electronic states.
We have found a linear relationship at the L, edge, whereas
the L; edge seems to be less appropriate for this goal due to
multiplet effects, as reported previously for 4d systems.’"
The inferred 5d occupation also agrees with the presence of
Re’* for all compounds, in agreement with the Re L, edge
results.

The EXAFS analysis gave Re—O and Cr—O bond lengths
in agreement with the crystallography. Such distances do not
vary with the doping ratio and concur with the expected
values for Re>* and Cr’* oxides. Therefore, our spectro-

scopic study reveals the absence of change in the oxidation
state of Cr and Re after the addition of Ln, i.e., the absence
of electron doping as expected from the nominal stoichiom-
etry.

The absence of electron doped phases in this system
might be explained on the basis of the strong stability of the
electronic Cr**-0-Re’* configuration as inferred from our
spectroscopic work. The replacement of only Sr** by La**
implies the injection of an additional electron to the former
sublattice. Neither Cr**-O-Re>* nor Cr**-O-Re** seemed to
be more stable than the mentioned configuration. Instead of
doped samples, competitive Sr,_,L.n,Cr,,»Re;_,»,O¢ phases
are formed with a decrease in the Cr-O-Re coupling, owing
to the increase of Cr-O-Cr paths. This coupling diminution is
also correlated to a decrease in the Cr-O covalency observed
in the attenuation of the B-peak intensity at the Cr K edge.
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