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Pressure effects on the magnetic transition temperature in ordered double perovskites
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A study of the pressure effect on the Curie temperature in polycrystalline ordered double perovskites was
carried out by measuring the temperature dependence of the magnetization in isoelectronic Sr,FeMoOg,
Ba,FeMoQg, and Ca,FeMoOg, and in W-substituted Sr,FeMo;_ W O with x=0.70. Pressure up to approxi-
mately 10 kbar induces an increase in the Curie temperature in all the samples with different rate: d7,./dp
results to be 1.7(2) K/kbar for Ba,FeMoOyg, 0.60(8) K/kbar for Sr,FeMoOg, 0.25(8) K/kbar for Ca,FeMoOg,
and 0.7(1) K/kbar for the W-substituted sample. The results are interpreted in terms of the different lattice
structure and cell volume of the investigated systems. A manganitelike model was only partially successful in
explaining the observed pressure behavior, thus, pointing out the different nature of the magnetic interaction in
doped manganites and in ordered double perovskites.
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I. INTRODUCTION

The ordered double-perovskite materials A,BB’'Og, with A
as an alkaline earth, such as Sr, Ba, or Ca, and B and B’ as
two different transition metals, are interesting for several as-
pects. In Sr,FeMoOg the high Curie temperature (7
=400 K) was known since the 1960s,! whereas colossal
magnetoresistance (CMR) at temperatures higher and mag-
netic fields lower than in other systems (e.g., doped
manganites?) was recently discovered by Kobayashi et al.?
These characteristics make Sr,FeMoOg and, more general,
double-perovskite systems promising materials for room-
temperature technological applications.*

Fundamental progresses have been made to understand
the physics of the double perovskites,” and theoretical mod-
els were developed.>® In order to better understand the inter-
play between structural, electronic, and magnetic degrees of
freedom, systematic studies of AA’'BB’Og systems, with dif-
ferent alkaline earth A and A’ atoms,®8 and transition metal
B and B’ atoms® !> were performed by several authors.
Among these compounds, the Sr,_ A FeMoOy families, with
A’ =Ba and Ca, were widely studied."-¢-813-22 Structural data
obtained on these isoelectronic systems show that
Ba,FeMoOg has an ideal cubic structure, whereas, on in-
creasing the chemical pressure by decreasing the A-ion size
from Ba to Sr and Ca, the lattice structure changes to tetrag-
onal (pseudocubic) in Sr,FeMoOg, with the Fe-O-Mo bond
angle of about 174°, and to monoclinic in Ca,FeMoOg, with
bond angle =152°3

A systematic study of the effects induced by chemical
pressure on 7 and CMR in Sr,FeMoOg, by the gradual sub-
stitution of Sr with Ca and Ba, was performed by Kim et al.”
A nonmonotonic evolution of CMR and T, with chemical
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pressure was observed. The highest value of low-field CMR
was found in the Ba substituted Sr,_,Ba,FeMoOg (at x=1.6),
whereas the highest T~ was observed at small Ca concentra-
tion in Sr,_,Ca FeMoOg (at x=0.1). The evolution of T with
chemical pressure was interpreted in terms of bond lengths
(B-0 and B’-0) and bond angle (B-O-B’) modifications, and
the consequent change in electronic bandwidth (BW) and
electron hopping.”

Not only the substitution of alkaline metal (A) changes
the physical properties of double perovskites. The substitu-
tion of the transition-metal ions (B, B') leads to the observa-
tion of even more dramatic changes in the electronic and
magnetic properties. For example, the substitution of Mo
with W ions in Sr,FeMo,_, W, O, which introduces a charge
doping, does not modify the crystal structure (tetragonal at
all W concentrations), but induces a negative chemical pres-
sure by expanding the cell volume, and strongly changes the
electronic and magnetic properties.®~'>23 It was shown®!%-12
that a ferromagnetic moment survives up to x=0.9, with 7
strongly decreasing with increasing x, and that an insulating
spin-glass behavior is found for x >0.75. An insulating anti-
ferromagnetic state is finally established in the x=1 pristine
Sr,FeWOg below about 35 K.>-!!

Similarly to the chemical pressure, the application of an
external pressure can induce changes of bond lengths and
angles. Compared to the chemical pressure, the external pres-
sure is a clean tool to avoid substitutional induced disorder
and spurious effects due to the use of many samples with
different chemical composition. However, in magnetic mea-
surements the maximum applied pressure is generally limited
to 10-20 kbar, and the corresponding variation in BW is
typically smaller than that obtained by proper chemical sub-
stitution. More information can be, thus, obtained from a
combined use of both chemical and external pressure.
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In the present work we performed a systematic investiga-
tion of the evolution of T with external pressure in several
double perovskites, which, at ambient pressure, exhibit dif-
ferent chemical pressure. Magnetization measurements under
pressure were performed on Sr,FeMoOg, Ba,FeMoOg,
Ca,FeMoOg, and Sr,FeMo,_ W, 04 with x=0.7 samples. In
all cases an increase in 7 was found on increasing pressure,
but with different rates. Similar measurements were also per-
formed on Sr,FeMo,_ W, O¢ with x=0.85, whose magnetiza-
tion data do not show appreciable pressure-induced effects,
accordingly to the spin-glass insulating character of this
system. 10

II. EXPERIMENTAL RESULTS

The investigated samples, i.e., Sr,FeMoOgz (SFMO),
Ba,FeMoO (BFMO), Ca,FeMoOj (CFMO),
SrzFeM00.3W0_7O6 (SW70), and srzFCM00_15W0_85O6
(SW85), were prepared by using the procedure reported in
Ref. 24. The hydrostatic pressure was produced in a copper-
beryllium piston cylinder clamp, especially designed for
magnetization measurements under pressure (see Ref. 25).
The pressure cell was filled with the sample and Fluorinert
FC77 as pressure transmitting medium. The pressure values
were determined by measuring the shift of the superconduct-
ing transition temperature of a small piece of lead loaded
together with the samples. The field cooling magnetization
was measured with a commercial Superconducting Quantum
Interference Device. The zero-pressure measurement could
not be performed in the pressure cell since a small pressure
had to be applied in order to seal the cell.

The normalized magnetization as a function of tempera-
ture at different pressure is shown in Fig. 1 for BEMO,
SFMO, and CFMO, and in Fig. 2 for SW70 and SW85. The
insets in Figs. 1 and 2 show the magnetization curves close
to T¢. From the magnetization curves measured at the lowest
pressure, T, was estimated by a linear extrapolation to zero
magnetization [see inset in Fig. 1(a)]. The highest T, was
found in SFMO at around 370 K, and BFMO and CFMO
exhibit similar 7, around 305 and 315 K, respectively.
These values of T, are slightly lower, except for BEMO,
than those reported in Ref. 8 (308, 385, and 365 K for
BFMO, SFMO, and CEMO, respectively) and Ref. 7 (318,
404, and 320 K for BFMO, SFMO, and CFMO, respec-
tively). These differences may be due to various effects, such
as the exact stoichiometry, cation mis-site disorder, and oxy-
gen vacancies, which can have a strong impact on the value
of the Curie temperature,”® but not on its pressure depen-
dence. The present work is focused on the relative change in
the Curie temperature induced by the external pressure, and
thus the absolute values of T, are not essential for the
present discussion.

The SW70 magnetization data show a very broad mag-
netic transition [see Figs. 2(a) and 2(b)], as a result of the
loss of ferromagnetism with W doping. From a linear ex-
trapolation, T was estimated to be about 275 K, with a large
uncertainty due to the broadness of the transition. A broad
cusp in the magnetization curve is present at low temperature
(around 40 K). Measurements performed on the spin-glass
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FIG. 1. Normalized magnetization as a function of temperature
for Ba,FeMoOg [panel (a)], Sr,FeMoOg [panel (b)], and
Ca,FeMoOg [panel (c)] at different pressures. Insets: normalized
magnetization for the three samples in the high-temperature region.
The temperature range is slightly different for each sample in order
to better show the pressure-induced curve shift. The lines are guides
for the eye.

insulating system SW85 showed no shift of the magnetiza-
tion curve with pressure, as expected, and clear evidence of a
cusp at around 30 K, much narrower than in the SW70 [see
Fig. 2(c)]. We notice that Kobayashi ef al.” and Kawanaka et
al."" measured the temperature-dependent magnetization of
the insulating antiferromagnet pristine Sr,FeWO4 (SFWO)
sample, which shows a Curie-Weiss behavior with a peak at
the antiferromagnetic ordering temperature 7y=37 K. The
cusp in the low-temperature magnetization observed in
SW385 [Fig. 2(c)], and—Iless markedly—in SW70 [Fig. 2(a)],
can then be interpreted as a remanence of antiferromag-
netism, as also proposed by Kobayashi and collaborators.’
The pressure has the largest effect on the BFMO sample,
while the smallest effect is observed in CFMO, as it is shown
in the insets of Fig. 1. Owing to the above mentioned possi-
bility that the absolute values of the T/’s are affected by
spurious effects and to the broadness of the transitions, we
inferred the pressure dependence of T~ from the temperature
difference AT-=T(p)—T(py) (py indicates the lowest pres-
sure for each sample) taken at a fixed magnetization value in
the linear region close to the inflection point [see the arrows
in the inset of Fig. 1(a)]. For the SFMO sample we measured
AT, for several values of the field (u,H=0.05, 0.1, and 1 T,
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FIG. 2. (a) Normalized magnetization as a function of tempera-
ture for the Sr,FeMogy ;W70 sample at different pressures. (b)
Normalized magnetization for the same sample in the high-
temperature region. (c) Normalized magnetization for the
Sr,FeMoyg 15W 3506 sample at different pressures. The lines are
guides for the eyes.

not shown). We found that, while T changes with field, AT
does not, at least within the experimental error. This finding
allows us to compare AT, obtained at different applied
fields, namely, in BFMO and CFMO at 0.01 T and in SFMO
at 0.05 T (see Fig. 1). In Fig. 3 we show AT as a function of
pressure for the BFMO, SFMO, CFMO, and SW70 samples.
The error bars on the temperature scale are given by the
difference in temperature at constant magnetization obtained
in repeated measurements on the same sample.

In all cases a linear fit well describes the observed pres-
sure dependence of the Curie temperature (see Fig. 3). The
rate dT/dp depends on the system: CFMO shows the small-
est rate [dT-/dp=0.25(8) K/kbar], being dT/dp in SFMO
[0.60(8) K/kbar] and in BEMO [1.7(2) K/kbar] about two
and seven times larger, respectively. The results for SFMO
and BFMO are in very good agreement with the reported
values in Refs. 18 and 19. In the SW70 system T increases
at a rate [dT-/dp=0.7(1) K/kbar] similar to that observed
in SFMO.
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FIG. 3. AT (see text for definition) as a function of pressure for
the three isoelectronic samples Ba,FeMoOg, Sr,FeMoOg, and
Ca,FeMoOy, and for Sr,FeMog ;W 7O¢. The lines are linear fits to
the data.
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FIG. 4. T at the lowest pressure (right axis, circles) and
dIn(Te)/dp (left axis, squares) for Ba,FeMoQOg, Sr,FeMoOg,
Ca,FeMoOQyg, and Sr,FeMo,3W(;0¢. The lines are guides for the
eyes. The dotted line links the 7 values of the isoelectronic
samples (BFMO, SFMO, and CFMO).

III. DISCUSSION AND CONCLUSIONS

In order to discuss the presented results, we recall that
BFMO, SFMO, and CFMO are formally isoelectronic, with a
single electron occupying the spin-down subband formed by
orbitals of 3t2g(Fe)+4t2g(Mo)+2p(O).3 Nevertheless, they
show different Curie temperatures with a nonmonotonic be-
havior as a function of chemical pressure: T(Sr)>T(Ba)
and T(Ca) (present work in Fig. 4 and Refs. 7, 8, and 20). In
particular, it was shown’-?? that T increases with increasing
the chemical pressure from BFMO to SFMO, reaches a
maximum for a slightly Ca substituted Sr,_,Ca FeMoOg, and
then decreases with further increasing the chemical pressure
toward the pristine CFMO. Under the hypothesis of an
equivalence between chemical and external pressure, we ex-
pect a high and positive d7-/dp in BFMO since by replacing
Ba with Sr in BFMO, a strong increase in 7- occurs. On the
contrary, we expect a small and positive dT-/dp in SFMO
since by replacing a small amount of Sr with Ca in SFMO,
the T slightly increases.” As for CFMO, a small negative or,
at least, a vanishingly small d7-/dp can be conjectured since
in Sr,_,Ca,FeMoOQg, T slightly decreases on increasing the
Ca content from x==1 to x=2.7?? Present results (see Fig. 3)
do confirm the predictions for SFMO and BFMO contrary to
the case of CFMO, for which a pressure-induced increase in
T¢ (dTc/dp>0), although small, has been observed.

We notice that, assuming the proportionality between T~
and BW, some authors’? tried to account for the chemical
pressure dependence of 7. in double perovskites using an
approach which was successfully applied to describe perov-
skite ABX; compounds (particularly AMnO; manganites) in
a tight-binding approximation.?’~2 Under this approximation
the BW depends on both the B-O-B bond angles and B-O
bond lengths, through the overlap integrals between the 3d
orbitals of the metal ion B and the 2p orbitals of the O
anion.?? On these basis the dependence of BW on the bond
angle @ and on the bond distance d is provided by the em-

pirical formula,
BW « cos[ (7 — 6)/2]/d"">. (1)

On applying this model to the double-perovskite case, the
differences in T~ shown by the different SFMO, BFMO, and
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CFMO compounds might be ascribed to chemical-pressure-
induced variations in the conduction BW. The bandwidth
variation in the three samples was then estimated from the
variation in the bond distance Fe-O-Mo (d) and bond angle
(6). A nonmonotonic behavior of BW as a function of the A
cation ionic size (chemical pressure) was found, quite similar
to that of 7% Indeed, by substituting Sr with Ca the volume
reduces, mainly due to a decrease in the Fe-O-Mo angle,
rather than to a reduction in the bond lengths (Fe, Mo) -O,
which indeed keeps almost constant.!”??> Thus, according to
Eq. (1), BW decreases. On the other hand, for A cations
larger than Sr, i.e., the Ba ion, the structure is cubic; the
Mo-O-Fe bond has an optimal overlapping (180°), but the
unit cell expands due to the large size of the Ba ion, thus,
reducing BW. For the intermediate ion size Sr, and a bond
angle close to 180° [174° (Ref. 8)], BW would reach the
highest value. Thus, on a pure qualitative ground, the above
manganitelike model appears to be successful in the present
case. Since a number of criticisms have been raised in recent
papers on the transferability of the model to double-
perovskite systems,?3* we tried to check it on a more quan-
titative basis.

In order to verify quantitatively the validity of the formula
in Eq. (1) we calculate dIn(T.)/dp in the case of BFMO.?!
We choose this system for calculations since it is cubic and
retains the cubic structure even if half of the Ba ions is sub-
stituted with Sr ions.”® Therefore, we can expect that the
application of an external pressure affects only the bond
length d, which in a cubic structure is constrained to be 1/4
of the lattice parameter a.>! From Eq. (1) we thus can write
(see also Ref. 31)

din(Tg) 1 dTc
dp  Tcdp

where k(d) is the bond length compressibility. Given the bulk
modulus B=2340 kbar (see Ref. 15) and considering that
V=a’, we thus estimate d In(T.)/dp=4.97X10"* kbar™'.
From our experimental data we found d In(T.)/dp=5.7
X 107 kbar™!, about one order of magnitude higher than the
above value, estimated on the basis of simple steric modifi-
cations of the bandwidth. A similar discrepancy was found
by Laukhin and collaborators in manganites?! and ascribed to
a remarkable pressure dependence of the electron-phonon
coupling, not accounted for in Eq. (2). This argument does
not apply to ordered double perovskites. Indeed, in these
systems the electron-phonon coupling seems not to play a
significant role in determining the Curie temperature.’ This
statement is further supported by recent high-pressure Ra-
man measurements,>> where the electron-phonon coupling is
shown to be pressure independent up to 150 kbar, whereas
the present results show a pressure dependence of 7. On the
other hand, Wojcik et al.?! in a recent NMR work claims that
the formula in Eq. (1), based on a model of double-exchange
manganites, is properly suited for bonds of e, symmetry and
a unique metal-oxygen bond length, but it is not adequate to
describe double-perovskites properties. Indeed, in double
perovskites the relevant orbitals have a #,, symmetry and two
different bond lengths (Fe-O, Mo-O) are involved. Moreover,
possible charge redistribution between Mo-4d and Fe-3d, oc-

1d
=3.5k(d) =3.5-2, )
adp
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curring when chemical pressure is applied by ion
substitution,?! could also be responsible for additional effects
when applying external pressure. The discrepancy between
the present experimental value of d In(T)/dp in BFMO, and
the one estimated through Eq. (2) can be explained on the
basis of all the above arguments. This also suggests a differ-
ent nature of the magnetic interaction in doped manganites
and in ordered double perovskites, as previously
proposed.>?!

To further discuss the whole of the present data and the
unexpected pressure response of CFMO, we report in Fig. 4
the experimental d In(T.)/dp for BEMO, SFMO, CFMO,
and SW70 as a function of the cell volume. d In(T¢)/dp
monotonically increases with increasing volume, regardless
the lattice and/or the magnetic structures. On the contrary,
the nonmonotonic behavior of the 7 values as a function of
the volume is quite clear in Fig. 4. We notice that the T,
value of the charge-doped SW70 significantly departs from
the T volume dependence of the isoelectronic compounds
(see the dotted line in Fig. 4).

The behavior of d In(T¢)/dp suggests that the sensitivity
of T to the external pressure depends on the possibility of
the bond length to contract. Indeed, the BFMO sample has
both a cubic structure, retained even if a large amount of Sr
is substituted in the system, and a large volume, due to the
large Ba ionic size, leading to a large space available for Mo
and Fe ions. This means that the structure has large possibil-
ity to contract just by decreasing the bond length, thus, in-
creasing the bandwidth. Therefore, a large variation in 7,
with pressure is expected. To allocate the smaller Sr ion, a
contraction of the bond length is not enough, and the struc-
ture get slightly distorted with a decrease in the bond angle,
with respect to BEMO, to reduce the volume. This suggests
that a further contraction of the bond length by applying an
external pressure is more difficult to achieve, and
d In(T¢)/dp is remarkably smaller. The W-substituted SW70
sample has a bit larger volume than the pristine SFMO
sample, giving a slightly larger d In(T)/dp. By substituting
Sr with Ca no substantial change in the bond length was
observed, whereas the bond angle noticeably changes, lead-
ing to a dramatic change in lattice structure.'’?> An addi-
tional external pressure, therefore, can hardly modify the
bond length in the contracted and distorted CFMO system,
thus, inducing a very small, but nonzero, positive change in
TC.

We notice that a departure from the hydrostatic-chemical
pressure equivalence can be inferred also from a critical
analysis of the data previously reported in the literature. In-
deed, the stability under external pressure of both the BFMO
and the SFMO structures has been proved up to a volume
compression of about 10%,'>!6 whereas a volume compres-
sion of about 6% induced by chemical pressure on going
from SFMO to CFMO (see Fig. 4) causes a change in the
lattice symmetry. The cage compression for BFMO and
SFMO (cubic and pseudocubic structures, regular and
slightly in plane distorted octahedra, respectively) indeed can
be obtained through an isotropic volume reduction in the
octahedral units, which weakly affects the structural symme-
try. This kind of compression is not possible for CFMO
which has the lowest symmetry and fully distorted octahedra
(three different bond lengths).
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From the all the above considerations we can schemati-
cally conclude that: (i) external pressure always induces an
increase in T¢; (ii) in BFMO and SFMO the increase in T
with chemical pressure is qualitatively similar to that one
induced by the external pressure (large in BFMO and small
in SFMO); (iii) the equivalence between chemical and exter-
nal pressure does not hold when a chemical-pressure-induced
structural transition does occur, as what happens in the
present case when Sr is replaced by Ca.

In summary, we performed a systematic study of the pres-
sure dependence of the Curie temperature 7 in a group of
double  perovskites: the isoelectronic = compounds
Sr,FeMoOg, Ba,FeMo0Og, and Ca,FeMoOg, in which differ-
ent chemical pressures are present, and W-substituted
Sr,FeMo,_ W,O¢ with x=0.70. We notice that the pressure
effects observed in the CFMO and in the W70 compounds,
not previously reported, are crucial in the present paper. The
CFMO compound largely extends the range of chemical
pressure exploited by chemical substitution and exhibits
most of the unpredicted pressure effects presently observed.

PHYSICAL REVIEW B 78, 184416 (2008)

The W70 compound, which enables charge doping, allows
studying combined modifications of lattice and electronic de-
gree of freedom. Magnetization measurements under pres-
sure revealed an increase in T with pressure in all the in-
vestigated samples. The different rates of increase so
obtained can be ascribed to the different lattice symmetry
and volume cell, which influence the possibility of the bond
length to contract. The analysis of the present data, combined
with the findings of a pressure-independent electron-phonon
coupling,® also suggests a different nature of the magnetic
interaction in ordered double perovskites with respect to the
doped manganites, in agreement with previous results>?!
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