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The magnetic double perovskite materials of composition A2BB’Og with
A an alkaline earth ion and B and B’ a magnetic and non-magnetic transition
metal or lanthanide ion, respectively, have attracted considerable attention
due to their interesting magnetic properties ranging from antiferromagnetism
to geometrically frustrated spin systems and ferromagnetism. With respect
to application in spin electronics, the ferromagnetic double perovskites with
BB’ = Ci1W, CrRe, FeMo, or FeRe and A = Ca, Ba, Sr are highly inter-
esting due to their in most cases high Curie temperatures well above room
temperature and their half-metallic behavior. Here, we summarize the struc-
tural, magnetotransport, magnetic, and optical properties of the ferromag-
netic double perovskites and discuss the underlying physics. In particular, we
discuss the impact of steric effects resulting in a distorted perovskite struc-
ture, doping effects obtained by a partial replacing of the divalent alkaline
earth ions on the A site by a trivalent lanthanide as well as B/B’ cationic
disorder on the Curie temperature 7T¢, the saturation magnetization and the
magnetotransport properties. Our results support the presence of a kinetic
energy driven mechanism in the ferromagnetic double perovskites, where fer-
romagnetism is stabilized by a hybridization of states of the non-magnetic
B’-site positioned in between the high spin B-sites.

PACS numbers: 75.50.—y, 75.50.Cc, 75.50.Ss

1. Introduction

Double perovskites of composition AsBB/Og with A an alkaline earth such
as Sr, Ba, or Ca and B, B’ a magnetic and non-magnetic transition metal or
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lanthanide ion, respectively, have been known for many decades [1-5]. However,
only recently the study of ordered double perovskite materials has been strongly
intensified both by their interesting magnetic properties ranging from antiferro-
magnetism to geometrically frustrated spin systems and ferromagnetism and, more
importantly, the discovery of a large room temperature magnetoresistive effect at
low magnetic fields in the system SroFeMoOg [6]. With respect to applications,
the fact that some magnetic double perovskites seem to be ferromagnetic metals
with high Curie temperatures T of up to 635 K [7] and apparently have a highly
spin polarized conduction band makes these materials interesting for spintronic
devices such as magnetic tunnel junctions, low-field magnetoresistive sensors or
spin injection devices [8]. Up to now large low-field magnetoresistive effects have
been found not only in SroaFeMoOg [6, 9, 10], but also in many other double per-
ovskites as for example SryFeReOg [11], SraCrReOg [7], Sr2CrWOg [12-14], and
(Bag sSrp 2)2—yLay;FeMoOs [15]. With respect to fundamental aspects, the main
research effort is focused on the understanding of the magnetic interactions in
the various types of magnetic double perovskites and their relation to structural,
electronic, as well as magnetotransport properties.

The rich physics of the double perovskites A;BB’Og is related to the fact
that they are very flexible with respect to variations of the magnetic and/or
non-magnetic BB’ ions as well as the A-site cations. In this way they offer a
wide range of possibilities to influence the structure and/or the magnetic inter-
actions and, hence, to tailor the magnetic properties for specific applications or
fundamental studies:

1. The magnetic ion on the B-site can be varied using either 3d or 4d transition
metals (e.g. Fe, Cr, Mn, Ni, Co, Ru) with localized states or 4f lanthanides
(e.g. Gd, Dy, Ho, Er) with highly localized states.

2. The non-magnetic ion on the B’-site can be varied. Here, we have to distin-
guish between ions with delocalized electrons (e.g. Mo®t, W5+ Ret, Reft)
and those with a noble gas electronic configuration (e.g. Nb3+, W&+) or a
completely filled 3d- or 4d-shell (e.g. Sb>*+, Teft).

3. We can dope electrons into the system by partially replacing the divalent
alkaline earth ions on the A-site by a trivalent rare-earth ion such as La3t

[14-16].

4. The crystal structure can be changed by using alkaline earth ions on the
A-site with different ionic radii. This results in considerable steric effects
(see Fig. 1b), which in turn change the bond angles thereby modifying the
magnetic interactions.

5. We can also use magnetic ions on both the B- and B’-site as e.g. in LaAVRuOg
and LaAVMng with A = Ca, Sr, Ba, or LasCrFeOg [17, 18]. This class of
double perovskites, which we do not discuss here, may be interesting for the
realization of half-metallic antiferromagnets [19].
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(a)

Fig. 1. Sketch of the crystal structure of a cubic double perovskite (a) with tolerance
factor close to unity. In part (b) a distorted structure is shown. For a tolerance factor
significantly deviating from unity the tilt and rotation of the BOg octahedra result in a
non-cubic crystal structure and B-O-B’ bonding angles deviating from 180°. The B and

B’ ions are assumed to be perfectly ordered.

In this article, we discuss the magnetic interactions in the double perovskites
with B — a magnetic and B’ — a non-magnetic ion, which are still discussed
controversially. We summarize the present knowledge based on our own results
and the data available in literature. The model considerations are compared to
experimental data obtained for the system A;CrWOQOg with A = Sr, Ca, Ba and
the electron doped system Sro_,La,; CrWOsg.

2. Magnetic interactions in the double perovskites

The perovskites of composition ABO3 are ubiquitous in oxide chemistry.
The perovskite structure in the simplest case consists of a 3D lattice of fully
corner sharing BOg octahedra forming a cavity, in which the larger atom A is
12-fold coordinated to oxygen. Many variants are known. The double perovskites
of composition AsBB/Og have chemical supercells, in which two kinds of ions are
found at the B-site in alternating octahedra (see Fig. 1a). A particularly interesting
configuration, which we will discuss in the following, is the case of an ordered
double perovskite, in which only the ion on the B-site carries a magnetic moment.
In this case the ordered sublattices of the B and B’ ions form two interpenetrating
fce networks. In reality, of course, there is always a certain amount of B/B’ cationic
disorder (antisite defects), which may considerably affect the magnetic properties.

The magnetic interactions in the double perovskites with the B- and B'-site
ions being magnetic and non-magnetic ions, respectively, are very interesting and
complex. They strongly depend on the details of the crystal structure, the amount
of B/B’ antisites, and the magnetic and electronic properties of the B and B’ ions.
In the following we discuss the various types of magnetic interactions dominating
in different systems and classify the double perovskite materials into different
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categories accordingly. With respect to the magnetic ion on the B-site, we will
distinguish the following two cases:

e the magnetic ion is a magnetic lanthanide ion with highly localized 4 f states
such as Gd3*, Dy3t, Ho3t, or Er3*. There is a negligible hopping of the 4 f
electrons preventing a hopping based magnetic interaction mechanism.

e the magnetic ion is a transition metal ion with less localized 3d or 4d states
such as Fe?t, Fe3t, Cr3t Ni?t, Co?*, Mn?*, V3t or Ru?t. There is a sizable
hopping resulting in a hopping based magnetic interaction mechanism, which
depends on the electronic structure of the non-magnetic B’-site ion.

With respect to the non-magnetic ion on the B’-site, we will distinguish the
following two cases:

e The non-magnetic B’-ion has a partially filled outer shell with one or two
delocalized electrons (e.g. Mo®t, W5+ Re®t  Re®t). Typical examples are
SraFeMoOg [6, 9, 10, 20], SryCrReOg [7], SraCrWOg [12-14] as well as
SraFeReOg [11, 21] or CazFeReOg [21-23].

e The non-magnetic B’-ion has a noble gas electronic configuration (e.g. Nb®*,
Ca?t, WOt) or a completely filled 3d- or 4d-shell (e.g. Sb3F, TeS*). Typical
examples are SroFeNbOg [24-26], SroFeWOg [6, 27—29], CasNiWOs and
CasCoWOg [30], AoMnWOg with A = Ca, Sr, Ba [31-33], SraReCaOs [34],
SrsNiTeOg [35], or SrsLnSbOs with Ln = Dy, Ho, Gd [36].

2.1. Double perovskites with B = magnetic lanthanide ton

In double perovskite systems AsBB/Og with B — a magnetic lanthanide
ion with highly localized 4 f states, any magnetic exchange based on the hopping
of electrons such as antiferromagnetic superexchange of ferromagnetic double ex-
change cannot operate, since the probability for an electron to hop from a 4 f state
at one site to another at a neighboring site i1s too small. This i1s independent of
the type of ion on the B’-site. However, in this situation there may be a weak
near-neighbor indirect exchange via the conduction electrons (Ruderman—Kittel-
Kasuya—Yoshida (RKKY) type interaction) or dipolar interactions. In this case
the magnetic properties of the system may be very interesting due to frustra-
tion effects. For example, in the case of ordered sublattices of the B- and B’-ions
the interpenetrating fcc networks fall into the class of geometrically frustrated
spin systems, since an fcc lattice is composed of a network of edge-shared tetra-
hedra (see Fig. 2). If we assume that there is only a simple antiferromagnetic
near-neighbor coupling among the magnetic B-ions, the magnetic sublattice con-
sisting of edge-shared tetrahedra (see Fig. 2) is known to result in geometric mag-
netic frustration. Magnetic materials in which long-range magnetic ordering is
frustrated by the geometry of the crystalline lattice have attracted much attention
recently, since the geometrical magnetic frustration results in the existence of many
energetically equivalent magnetic ground states [37-39]. So far, magnetic frustra-
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Fig. 2. The atom positions and magnetic sublattice in double perovskites with B =
magnetic lanthanide ion. In part (a) the positions of the magnetic B-site ions in the sec-
ond plane or marked by dotted circles. The thick lines indicate the near neighbor mag-
netic interactions within the planes. In part (b) the 3D arrangement of the edge-shared

magnetic ion tetrahedra is shown. Part (c¢) shows the B-O coordination polyhedra.

tion has been studied in 2D Kagomé lattice systems consisting of corner-shared
triangles of magnetic ions. The 3D extension is a corner-sharing tetrahedron lattice
realized in the magnetic lanthanide pyrochlores [40, 41]. Perfectly ordered double
perovskites have magnetic sublattices consisting of edge-sharing tetrahedra and
represent another frustrating geometry in three dimensions. So far, reports on the
magnetic properties of these highly interesting magnetic systems are rare [36].

2.2. Double perovskites with B = magnetic transition metal ion

In double perovskite systems A;BB’Og with B a magnetic transition metal
ion with less localized 3d or 4d states, the magnetic exchange is dominated by
hopping of electrons between the different sites. These processes can result both
in ferromagnetic or antiferromagnetic coupling. Antiferromagnetic superexchange
via the B-O-B’-0-B exchange path is usually dominant for B’ ions with noble gas
configuration such as Nb>+ or W6+, Ferromagnetic exchange mechanisms (double
exchange type [42-44] or hybridization type mechanism [45-47]) are dominant for
B’ ions with delocalized 4d or 5d electrons such as Mo®t, W2+ Ret or Reft. The
hybridization between the delocalized B’ and the localized B states usually results
in a kinetic energy driven mechanism causing a strong ferromagnetic exchange
between the B-sites.

2.2.1. Antiferromagnetic superexchange

The situation for the antiferromagnetic superexchange via the B-O-B’—0O-B
exchange path is sketched in Fig. 3. This exchange mechanism is dominant for B’
ions with noble gas configuration such as Nb>t or W6*, i.e. a completely empty
4d- or bd-band. Using the simple rule that there is an antiferromagnetic exchange
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Fig. 3. Superexchange mechanism via the B-O-B’~O-B exchange path in double per-
ovskites, where the B’ has a completely empty d-shell. The superexchange causes an
antiferromagnetic configuration between the localized Fe 3d 1 spins. The thick arrow
mark the Fe 3d® core spins, the broken arrows indicate the spin configuration of an
excited state. The lower part shows the situation in a band-like picture for the two spin
directions. Here, A denotes the crystal field splitting between the ¢2; and the ez band,
Ju the exchange splitting. The Nb ez band is well above the t2; band and not shown.

between two empty orbitals (e.g. between empty Fe 3d | /Fe 3d | and the Nb 4d
orbitals as sketched in Fig. 3), we obtain an antiferromagnetic coupling between
the B-sites. In a band-like picture, both the Fe f55 | and the Nb to; states are
empty.

In general, for the double perovskites the antiferromagnetic superexchange is
weak due to the long exchange path and therefore results in low Néel temperatures
TN of the order of a few 10 K. Typical examples are SraFeNbOg with a Néel
temperature of about 25 K [24-26], CasCoWOQOs and CasNiWOe with Ix = 26
and 56 K, respectively [30], as well as SraFeWOQOs with T = 37 K [27-29]. We
also note that the exchange strength depends on the bonding angles along the
exchange path and usually is maximum for a 180° superexchange. Furthermore,
disorder on the BB’ sublattices can result in spin-glass-like behavior.

On electron doping the system by replacing e.g. Sr?T by La3t in Sr2FeNbOs
the Fermi level shifts into the Nb 4d t2; band. In this way mobile electrons are
available on the B’-site favoring a ferromagnetic interaction as discussed below.
At low doping, a competition between antiferromagnetic super- and ferromagnetic
double exchange occurs which may result in a spin-glass state.

2.2.2. Ferromagnetic double exchange

One of the puzzling features of magnetic double perovskites is the strong fer-
romagnetic exchange with Curie temperatures up to 635 K [7] in systems, where we
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have non-magnetic B’ ions with delocalized electrons. The origin of ferromagnetism
in these double perovskites is still discussed controversially. Recently Moritomo et
al. found a strong correlation between the room temperature conductivity and the
Curie temperature in SraFeMoQOg, implying that the mobile conduction electrons
mediate the exchange interaction between the local Fe3t spins [42, 43]. Therefore,
in analogy to the doped manganites it was tempting to explain the ferromagnetic
coupling between the Fe sites based on a double exchange mechanism, where the
delocalized tsg electron provided by the Mo 4d' configuration plays the role of the
delocalized Mn 3d eg electron in the manganites.

The situation for the double exchange type exchange mechanism is sketched
in Fig. 4 using the example of SroFeMoOs. If the Fe ¢34 | and the Mo 25 | bands
are almost degenerate (this is equivalent to degenerate valence states Fe3*—Mo5+
and Fe?T—Mo®* (see the top part of Fig. 4), the o4 electron can easily hop between
these states producing a double exchange type interaction [48, 49]. That is, hopping
of itinerant spin-down electrons between the Fe and Mo sites yields a kinetic energy
gain. Since the Fe 3d | band is completely filled, this hopping of the {55 electrons
i1s only possible, if the Fe core spins are all oriented antiparallel to the spins of
the itinerant electrons. As a consequence, a ferromagnetic state with all Fe spins
parallel will be energetically favored. The Mo 4d {55 | electrons cannot hop in this

\J
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Fig. 4. Double exchange type exchange mechanism in double perovskites, where the
B’ has a partly filled d-shell. The two configurations shown in the top part are degener-
ate. The thick arrows mark the localized Fe 3d® core spins, the thin arrows the spin of
the itinerant electron. The bottom part shows the band picture. The Fe t25 | and the
Mo t2, | bands are almost degenerate resulting in degenerate valence states Fe’t—Mo®*
and Fe?T—Mo®*. The hopping of the 3d t2; | electrons results in a broadening of the
Mo 4d t2g and Fe 3d t2g | bands.
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situation. Therefore, only the Mo 4d ¢34 | is broadened resulting in a half-metallic
behavior (see the bottom part of Fig. 4).

We note that the situation in the double perovskites is different to the dou-
ble exchange in colossal magnetoresistance (CMR) manganites, where the itinerant
eg | spins are parallel to the localized 55 | core spins. In the double perovskites
the completely full Fe 3d T band makes it impossible for another spin-up electron
to hop between Fe sites and thus forcing the delocalized electrons to be spin-down
electrons. Moreover, in the manganites both the localized Mn to; electrons and
the delocalized Mn ¢4 electron reside at the same site and their spins are coupled
ferromagnetically by a strong on-site Hund coupling Jy1. In the double perovskites,
the localized Fe 3d electrons (Fe®t: 3d®, S = 5/2) and the delocalized Mo 4d elec-
tron (Mo®*: 4d', S = 1/2) nominally are at two different sites although the Mo 4d
electron obtains a finite Fe character by sizable hopping interaction. Therefore, at
first glance the double exchange scenario is different in the manganites and the
double perovskites.

If the B-site ta5 | and the B’-site 5, | bands are not degenerate, as it is the
case for the system SrosMnMoOsg [50, 51], the hopping is very weak and, hence, a
much weaker ferromagnetic interaction is expected within a double exchange type
model.

2.2.3. Kinetic energy driven ferromagnetic exchange

Sarma [9, 45] has proposed another mechanism to explain ferromagnetism
in the double perovskites, which has been extended to many other systems by
Fang, Kanamori, and Terakura [46, 47]. In the Sarma—Fang—Kanamori—Terakura
(SFKT) model, the hybridization of the Mo 4d (t25) and Fe 3d (t54) states plays
the key role in stabilizing ferromagnetism at high Curie temperatures [45-47]. The
essence of this model is summarized in Fig. 5 for the case of SraFeMoOg. Without
any hopping interactions, the Fe3t 3d° configuration has a large exchange splitting
of the 3d levels in the spin-up and spin-down states and there is also a crystal field
splitting A into the 55 and the e, states. The exchange splitting of the Mot 4d*
configuration (better the Mo-4d—O—2p hybridized states) is vanishingly small,
however, there is a large crystal field splitting (the eg states are several eV above
the t5, states and not shown in Fig. 5). Switching on the hopping interactions
results in a finite coupling between states of the same symmetry and spin. The
hopping interaction not only leads to an admixture of the Fe 3d to the Mo 4d states,
but more importantly to a shift of the bare energy levels. Asshown in Fig. 5, the
delocalized Mo 54 spin-up states are pushed up, whereas the Mo 5, spin-down
states are pushed down (bonding-antibonding splitting). This causes a finite spin
polarization at the Fermi level (actually 100% in Fig. 5) resulting from the hop-
ping interactions. It i1s evident that this mechanism leads to an antiferromagnetic
coupling between the delocalized Mo 4d and the localized Fe 3d electrons, since the
energy is lowered by populating the Mo 4d spin-down band [45]. The magnitude
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Fe 3d (,,, e;) Mo 4d (t,g) Fe 3d (1, ;)
spin T

Fig. 5. Sketch of the band structure for the illustration of the mechanism stabilizing
the ferromagnetic state in the double perovskites using A;FeMoOg as an example. The
Fermi energy lies between the exchange split 3d spin-up and -down states. The solid
lines mark the bands without hybridization, whereas the broken lines mark the bands
with hybridization. The broken arrows connect the hybridizing bands. The hybridization

between the ez level has been neglected. The Mo 4d ez band is not shown.

of the spin polarization derived from this mechanism obviously is governed by the
hopping strength and the charge transfer energy between the localized and the
delocalized states [46]. Furthermore, the itinerant electrons in the Mo ¢ | band
cause kinetic energy gain via a double exchange type interaction, which further
stabilizes ferromagnetism as discussed above. In view of kinetic energy gain the
SFKT model is similar to the double exchange model discussed above.

The essential point in the SFKT scenario is that the hybridized states are
located energetically between the exchange-split Fe 3d T and the Fe 3d | levels.
Only in this case a bonding-antibonding splitting is obtained. We also note that
in the SFKT model the magnetic moment at the Mo site is merely induced by the
Fe magnetic moments through the hybridization between the Fe 3d and the Mo 4d
states which can be viewed as a magnetic proximity effect. In this sense the double
perovskites should be denoted ferromagnetic and not ferrimagnetic. Recently, it
has been shown that the magnetism in SraFeMoOg can be well described by two
interacting sublattices: the localized Fe3* 3d® core and the delocalized Mot 4d*
delocalized electron spins with a strong antiferromagnetic interaction between the
two sublattices in good agreement with the SFKT model [52].

We have pointed out recently [14] that the mechanism discussed above also
works for the A;CrWOg system, where only the Cr 3d {3, T band is full, how-
ever, the Cr 3d eg | band completely empty. The key concept of the model again
is the energy gain contributed by the spin polarization of the non-magnetic ele-
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ment (now W) induced by the hybridization with the magnetic transition metal
(now Cr). Tt has been pointed out by Sarma et al. [9, 45] that the underlying mech-
anism will always be operative, whenever the conduction band is placed within the
energy gap formed by the large exchange splitting of the localized electrons at the
transition metal site. As shown in Fig. 6, this is also the case for the A;CrWOs
compounds: the W 5d 13, band resides in between the exchange split Cr 3d t24
spin-up and spin-down bands. The schematic band structure of Fig. 6 has been
confirmed by band structure calculations [14]. The only difference between the
system AsCrWOg and the systems A;FeMoOg (or also AsFeReOsg) is the fact
that in the former the majority spin band is only partly full. Furthermore, band
structure calculations show that the crystal field splitting in the Cr compounds
(= 2 eV) is slightly larger than in the Fe compounds [53]. On the other hand,
the exchange splitting in the Cr 3d bands is somewhat smaller than for the Fe
3d bands due to the valence configuration Cr 3d® with less electrons and weaker
Hund’s coupling. Taking these facts into account we have to split up the Cr 3d
spin-up and spin-down band into two separate 3d {35 and 3d ez bands with the
Fermi level lying in the gap between the bands as shown in Fig. 6. Indeed; band
structure calculations [14] show that the Cr 3d eg spin-up band is about 0.5 eV
above the Fermi level. However, the above mechanism still works as long as the

Cr 3d (g, €;) W 5d (t,p) Cr 3d (tyg, €,)

et [V 1| 1

Fig. 6. Sketch of the band structure for the illustration of the mechanism stabilizing
the ferromagnetic state in the double perovskites using A2CrWOQOg as an example. In
contrast to the AsFeMoOg system the Fermi energy lies between the crystal field split
3d tog T and 3d eg T states. The solid lines mark the bands without hybridization,
whereas the broken lines mark the bands with hybridization. The broken arrows con-
nect the hybridizing bands. The hybridization between the ez level has been neglected.
The W 5d eg band is not shown.
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W 5d o band is placed within the energy gap between the Cr 3d £ spin-up and
the Cr 3d tog spin-down band. Then, again the W 5d t5 levels hybridize with the
Cr 3d 124 levels resulting in a negative spin polarization of the non-magnetic ele-
ment W 5d 13, and a stabilization of ferromagnetism and half-metallic behavior.
We note that no hybridization takes place between the Cr 3d e, spin-up band and
the W 5d t35 spin-up band due to the different symmetry of these levels. There-
fore, the exact position of the Cr 3d ez spin-up band is not relevant. Summarizing
our discussion we can state that within the SFKT model the essential physical
mechanism leading to ferromagnetism is very similar for the AaCrWOg and the
AsFeMoOg compounds.

3. The double perovskite A;CrWO0Oy

In this section we discuss our experimental results on bulk samples as well
as epitaxial films of the double perovskite system A;CrWOg with A = Sr, Ca, Ba.
The sample fabrication has been discussed already recently [12; 14].

3.1. Structural properties

The structure of the system A;CrWOQOg is determined by the tolerance factor
f, which is varying with varying ionic radius of the A-site cation. The crystal
structure of the different compounds was determined by a Rietveld refinement of
the X-ray data [14]. While SroCrWOQOsg has an almost ideal tolerance factor f ~ 1
resulting in a cubic structure (Fmgm), for CasCrWOg the tolerance factor is much
smaller (f = 0.945) resulting in a monoclinic system (P2;/n). For BaaCrWOsg,
the tolerance factor is much larger than 1 (f = 1.059) resulting in a 6-layered
hexagonal structure (P62c).

Comparing the crystallographic properties of the A, CrWOg systems to those
of other double perovskites [54-57] shows that cubic or tetragonal structures are
obtained only for tolerance factors in the range between 0.96 < f < 1.06. For
F < 0.96, orthorhombic/monoclinic structures are favored, whereas for 1.06 < f
a hexagonal structure is preferred (see Fig. 7). As will be shown below, for most
double perovskites a maximum 7¢ is obtained for a tolerance factor of f ~ 1
corresponding to an about cubic perovskite structure with a O-B-O bond angle
close to 180°. The requirement f ~ 1 for optimum 7¢ in the double perovskite
is different for the doped manganites. Here, a maximum 7¢ is achieved for com-
pounds with f < 0.95, that is, for a significantly distorted perovskite structure.
Hwang et al. [68] have shown that the highest T¢ in doped manganites is obtained
for f =~ 0.93 (in a more precise analysis by Zhou et al. [59] slightly larger values for
f have been derived based on a coordination number of 9). A further difference
between the doped manganites and the double perovskite is related to the size of
the A-site cations. In the former we usually have a significant variance of the ionic
radil of the A-site cations, whereas this is not the case in the double perovskites
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with Ay = Sr, Ca, Ba. Of course, it is tempting to state that the different behav-
ior of the manganites and the double perovskites is related to differences in the
underlying exchange mechanisms. However, a definite answer regarding this issue
cannot yet be given.

We also have analyzed the Cr/W sublattice order for AsCrWOQOs. For the Sr
system the amount of antisites is 23%, for the Ca system only 13%. We first note
that the antisite density for AoCrWOQOg is considerably larger than for AsFeMoOg.
This is caused by the very similar ionic radii of the Cr (rcps+ = 0.615 A) and W ions
(rws+ = 0.62 A) compared to the significantly different radii of Fe (PFes+ high spin =
0.645 A) and Mo ions (ryes+ = 0.61 A). Second, the lower amount of antisites
in CasCrWOQg may be associated with a gradual transition from W%t to W6+
(rcpe+ = 0.73 A and rywe+ = 0.60 A) Due to its hexagonal structure the situation
for the BasCrWOQOg compound is more difficult [14].

3.2. Magnetic properties

The saturation magnetization in A;CrWQOg measured at 5 K was found to
decrease with increasing amount 6 of antisites (6 = 0.5 for complete disorder) in
agreement with other studies [16, 20]. This can be understood in terms of the SFKT
model by assuming that there is an antiferromagnetic coupling of two sublattices
formed by the ferromagnetically ordered Cr3t 3d3 core spins and the delocalized
W5t 5d1 delocalized electron spins. In the presence of antisite defects, there are
also neighboring Cr ions coupling antiferromagnetically via the superexchange.
Then, the saturation magnetization Mg, is expected to follow the expression

Mear(8) = (1 = 28)m(Cr3t) — (1 — 28)m(W>T),

where m(Cr3t) and m(W57T) are the magnetic moments of the Cr3t and W5+
ions in units of up, respectively. Our experimental results are in reasonable agree-
ment with this expectation. For SroCrWOs, we observe Mg,y = 1.11 pp/fu. very
close to the expected value of 1.08 pp/f.u. for § = 0.23. For CasCrWOgs we have
6 = 0.13 and hence expect Mg, = 1.48 pup/f.u. This value is slightly larger than
the measured value of Mg, = 1.34 pp/f.u., most likely due to the distorted crystal
structure of CasCrWOsg. A detailed quantitative analysis is not possible at present
since a theoretical prediction for Mgt (6) based on the SFKT model has not yet
been worked out.

We next discuss the Curie temperature. We found that the substitution of
Sr by Ca or Ba in A;CrWOg results in a strong reduction of 7¢ from 458 K (Sr)
to 161 K (Ca) and 141 K (Ba). The important point is that the compound with a
tolerance factor f =~ 1 has the maximum 7. In particular, the magnetic properties
of the BasCrWQg compound are completely different from those of SroCrWOg
and CasCrWOg. Here, the large ionic radius of Ba?T enlarges f well above unity.
This causes a structural phase transition towards a hexagonal structure, where the
ferromagnetic interaction is strongly suppressed [14].



Magnetoresistance and Magnetic Properties . .. 19

Comparing our results for the series AsCrWOg to other double perovskite
compounds (see Fig. 7), it becomes evident that the suppression of T¢ as a function
of the deviation of the tolerance factor from its ideal value of f = 1 is a general
trend: 1t is only weak for the series AsFeMoOg with A = Sr; Ba, Ca, where T¢
varies between 310 K and 420 K [1, 54-57]. However, it is also strong for the series
A5 CrReOg with Te = 635 K for SroCrReOg and Te = 360 K for CasCrReOg [7]. In
general, a high Curie temperature can only be realized in double perovskites of the
composition A;BB’Og having a tolerance factor close to unity. This is realized in
the different systems for Ay = Srs. For f well below unity, the Curie temperature is
drastically reduced in agreement with what is found for the doped manganites [58].
For the double perovskites, the system (Sr1_,Ca, )2 FeReOg is an exception of the
general rule [60]: here, the CasFeReOg compound has the highest T¢, although the
tolerance factor decreases continuously from f = 0.997 for SroFeReOg to f = 0.943
for CasFeReOg on substituting Sr by Ca. We note, however, that CaFeReOg 1s a
unique material as it is a ferromagnetic insulator and that there may be an other
mechanism causing the high ordering temperature [23].
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Fig. 7. Curie temperatures of the different double perovskite materials of this

study completed by data taken from literature plotted versus their tolerance factor.

Re-compounds: O, W-compounds: o, Mo-compounds: ¢. The broken line only serves as

a guide to the eyes. The shaded areas indicate that the transition between the regions

with different structures are not sharp.

We briefly discuss the observed variation of T with varying tolerance factor
in the context of the models discussed above. It is well known that first the toler-
ance factor is intimately related to the bond angles and second that in perovskite
type transition metal oxides in general the increase in the B-O bond length and
the deviation of the B-O-B bond angle from 180° has the effect of reducing the
hopping amplitude . This is caused by the reduction of the overlap of the oxygen
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2p and transition—metal d states [61]. Since the weakening of the hopping causes
a reduction of the energy gain stabilizing ferromagnetism both within a double
exchange type and the SFKT model, we expect a significant decrease in T with
increasing deviation of the tolerance factor from f = 1 or, equivalently, with an
increasing deviation of the B-O-B bond angle from 180°. This is in good quali-
tative agreement with our results on the A;CrWQOg compound and the collected
data plotted in Fig. 7. Theoretical models providing a quantitative explanation
have still to be developed.

3.3. Magnetotransport properties

Figure 8 shows the temperature dependence of the resistivity p for the double
perovskite system A;CrWOg with A = Sr; Ba, Ca. All samples show an increase
in the resistivity with decreasing temperature. Since the investigated samples are
polycrystalline, the influence of grain boundaries plays an important role. Hence,
the observed semiconductor-like p(T') curves most likely are related to the grain
boundary resistance, whereas the intrinsic resistance is metallic. We also studied
the p(T) curves of epitaxial thin films containing no grain boundaries. Although
these films show metallic behavior, the intrinsic resistivity behavior of the thin
films could not be derived unambiguously, since the surface of the SrTiOg substrate
becomes conducting under the deposition conditions [13].
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Fig. 8. Resistivity vs. temperature for the double perovskites AoCrWOg with A = Sr,
Ba, Ca. The dashed lines are taken at an applied field of 80 kOe. The inset shows the

magnetoresistance vs. applied magnetic field curve of SroCrWOg at 7' =5 and 300 K.

Although the intrinsic resistivity behavior could not be unambiguously de-
rived from our measurements, the fact that ding/dln T — 0 for T'— 0 [14] provides
significant evidence for a metallic behavior in the SroCrWOQOg sample. Here, o is
the electrical conductivity. The observed trend that the resistivity increases, if Sro
is replaced by Cas and even more by Bas, can be understood as follows: in contrast
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to the cubic perovskite SroCrWOg, CasCrWOg has a distorted perovskite struc-
ture with a B-O-B bonding angle deviating from 180°. This results in a reduction
of the overlap between the relevant orbitals and, hence, the hopping amplitude.
Finally, the BasCrWOg compound has the highest resistivity most likely due to
its hexagonal structure.

The dashed curves in Fig. 8 show the p(T) curves measured at an applied
field of 80 kQe. It is evident that the largest magnetoresistance is observed for the
SroCrWOg sample. As shown in the inset, the polycrystalline SroCrWQOg sample
containing a large number of grain boundaries shows a large negative low-field
magnetoresistance, MR = [R(H)— R(0)]/R(H), of up to about —-100% at 5 K and
8 T. At room temperature, this effect is reduced to a few percent. The large grain
boundary MR effect at low temperatures indicates that SroCrWOg has a large
spin polarization of the charge carriers and due to its high Curie temperature may
be an interesting candidate for spintronic devices operating at room temperature.

3.4. Optical properties

We have performed optical reflection and transmission measurements of
SraCrWOg thin films with photon energies from 0.38 eV to 7 eV [14]. Since the
SrTiO3 substrates, on which the epitaxial quality of the films is high, are trans-
parent only for photon energies in the range 0.20-3.2 eV, we have also investigated
strained epitaxial SraCrWOQOs films on LaAlOg substrates, which are transparent
from 0.17 to 5.5 eV, and polycrystalline SroCrWOs films on MgAl;O3 substrates,
which are transparent between 0.22-6.5 eV. The optical measurements show an
increase in the absorption coefficient of SroCrWQOg above 4 eV, which can be
attributed to a charge transfer transition between the p-like spin-up and -down
oxygen bands at —3 eV below the Fermi level into the oxygen/metal bands at
41 eV above the Fermi level. Furthermore, an absorption shoulder around 1 eV
was found, which coincides roughly with the energy gap at the Fermi level in the
spin-up band, and is therefore probably caused by transitions from the Cr spin-up
t9g states below the Fermi level into the oxygen/metal bands around +1 eV above
the Fermi level. Unfortunately, due to the substrate absorption below 0.2 eV, no
optical information is available in the infrared region which would allow a more
definitive statement with respect to the density of states at the Fermi level and

the half-metallic character of SroCrWQs.
3.5. Electron doping

We have studied the effect of electron doping in SroCrWOg in a series
of Sry_;La,CrWOQOg samples with = 0, 0.1, 0.3, and 0.5. In our experiments
trivalent La3t is chosen to replace the Sr?T ions because the ionic radius of
La’t (rp,s+ = 1.36 A) is similar to that of Sr?* (rges = 1.44 A). X-ray anal-
ysis showed that the lattice parameter slightly decreases from 7.818 A (x =0) to
7.804 A (z = 0.5) as expected due to the smaller ionic radius of La3* compared to
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Sr?t. However, the crystal structure of all samples remained cubic. Figure 9 shows
that with increasing La content we observe an increase in antisites, a reduction of
the saturation magnetization, and a reduction of the Curie temperature.

At present, we can offer the following plausible explanation. Since La doping
is expected to result in a reduction of the differences in the valence states of Cr
and W, it evidently results in a reduction of the differences in the ionic radii of
Cr and W (rgpe+/rwe+ = 0.73/0.63 and rcps+ /Pws+ = 0.615/0.62). Therefore,
increasing the doping level results in more similar ionic radii of Cr and W paving
the way for the creation of Cr/W antisites.

We next discuss the observed decrease in Mg, and T with increasing La
content. Since La substitution causes both electron doping and an increase in an-
tisite defects, an unambiguous explanation of the Mg, and T reduction is not
possible. With respect to Mgy, on the one hand an increasing amount of anti-
sites is expected to reduce Mg,; as discussed already above. This is in agreement
with other experimental results and recent Monte Carlo simulations [16, 20, 62].
However, on the other hand also within the SFKT model a reduction of the satu-
ration magnetization with increasing electron doping is expected to reduce Mgy .
According to the illustration given in Fig. 6 it is evident that electron doping in
the SroCrWOQg system increases the induced spin-down magnetic moment at the
W site, since the electrons are filled into the W 5d | band, and thereby reduces
My due to the antiferromagnetic sublattice coupling of the Cr and W moments.

We finally discuss the influence of La doping on the Curie temperature. In
general, both the experimental data on the variation of T with electron doping as
well as the theoretical interpretation is controversial at present. In single crystals
of Sro_yLazFeMoOg Moritomo et al. have found that T does not change as a
function of La doping for # < 0.3 [43]. In contrast, Navarro et al. have reported a
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considerable increase in T¢ of about 70 K in ceramic samples of Sro_,La;FeMoOg
investigating a wider doping range 0 < « < 1 [16]. A similar increase has been
observed by Serrate et al. for polycrystalline (Srg.2Bag s)a—yLayzFeMoOs [15]. In
our study of the system Srs_;L;CrWOg we have found a reduction of Tz of about
80 K in the doping range 0 < z < 0.5.

From the theoretical point of view one expects both an increase and decrease
in T¢ with increasing doping depending on the model. On the one hand, within
the SFKT model [45-47] 1¢ is expected to be rather reduced than enhanced by
electron doping due to the fact that the possible energy gain by shifting electrons
from spin-up band into the spin-down band is reduced [44]. This, in turn, reduces
the stability of the ferromagnetic phase in agreement with our results. However,
the role of the increasing amount of antisites with increasing doping still has to be
clarified. On the other hand, in a double exchange type model the increase in the
number of conduction electrons promoted by La doping is expected to enhance
the double exchange interaction leading to an increase in 7. That is, at first
glance the observed decrease in T with increasing doping level in the system
Sro_;La; CrWOg seems to support the SFKT model. However, we have to take
into account that by La doping besides the number of electrons we also increase
the amount of disorder. The latter may weaken the double exchange interaction
sufficiently to result in an effective decrease in T also within a double exchange
based model. Further work is required to clarify this issue in more detail.
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