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Th e magnet i c double pero vski te materials of comp ositi on A 2 BB 0 O 6 w ith
A an alk aline earth ion and B and B 0 a magnetic and non -magnetic transitio n
metal or lanthanide ion , resp ectivel y, have attracted considerabl e attention

due to their interesting magnetic prop erties ranging from antif erromagnetism
to geometricall y frustrated spin systems and ferromagnetism . With resp ect
to applicati on in spin electronics, the ferromagnetic double pero vskites w ith
BB 0 = C rW, C rRe, FeMo, or FeRe and A = C a, Ba, Sr are highl y inter-

esting due to their in most cases high C urie temp eratures w ell above room
temp erature and their half -metall ic behavior. H ere, w e summari ze the struc-
tural, magnetotransp ort, magnetic, and optical prop erties of the ferromag-

netic double pero vskites and discuss the underlyin g physics. I n particular, w e
discuss the impact of steric e˜ects resulting in a distorted pero vski te struc-
ture, doping e˜ects obtained by a partial replacing of the div alent alk aline

earth ions on the A site by a triv alent lanthanide as well as B/B 0 cationic
disorder on the C urie temp erature T C , the saturation magnetizatio n and the
magnetotransp ort prop erties. Our results supp ort the presence of a kinetic
energy driven mechanism in the ferromagnetic double pero vskites , w here fer-

romagnetism is stabilized by a hybridizati on of states of the non-magnetic
B 0 - site positioned in betw een the high spin B- sites.

PACS numb ers: 75.50.{y , 75.50.C c, 75.50.Ss

1. I n t rod uct io n

D ouble perovski tes of compositi on A 2BB 0 O6 wi th A an alkaline earth such
as Sr, Ba, or Ca and B, B 0 a m agneti c and non-magneti c tra nsiti on metal or
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lantha ni de ion, respectivel y, have been kno wn for m any decades [1{ 5]. Ho wever,
onl y recentl y the study of ordered doubl e perovski te m ateri als has been strongly
intensi Ùed both by thei r interesti ng m agneti c properti es ranging from anti ferro-
m agneti sm to geometri cally frustra ted spin system s and ferrom agneti sm and, m ore
im porta ntl y, the di scovery of a large room tem perature m agneto resistive ẽ ect at
low m agneti c Ùelds in the system Sr 2 FeMo O 6 [6]. W ith respect to appl icati ons,
the fact tha t som e magneti c doubl e perovski tes seem to be ferro magneti c m etals
wi th high Curi e tem peratures T C of up to 635 K [7] and apparentl y have a highl y
spi n polari zed conducti on band m akes these m ateri als interesti ng for spintro ni c
devi ces such as m agneti c tunnel j uncti ons, low-Ùeld magneto resistive sensors or
spi n injecti on devi ces [8]. Up to now large low- Ùeld m agneto resisti ve e˜ects have
been found not only in Sr2 FeMo O 6 [6, 9, 10], but also in many other doubl e per-
ovski tes as for exam ple Sr2 FeR eO6 [11], Sr2 CrR eO6 [7 ], Sr2 CrW O 6 [12{ 14], and
(Ba 0 : 8 Sr 0 :2 ) 2 À x La x FeMoO 6 [15]. W ith respect to funda m enta l aspects, the m ain
research e˜o rt is focused on the understa ndi ng of the m agneti c intera cti ons in
the various typ es of magneti c doubl e perovski tes and thei r relati on to structura l ,
electronic, as wel l as magneto tra nsport properti es.

The ri ch physi cs of the doubl e perovski tes A2 BB 0 O6 i s related to the f act
tha t they are very Ûexibl e wi th respect to vari ati ons of the m agneti c and/ or
non-magneti c BB 0 ions as well as the A- site cati ons. In thi s way they o˜er a
wi de range of possibi l i ti es to inÛuence the structure and/ or the magneti c inter-
acti ons and, hence, to ta i lor the m agneti c properti es for speciÙc appl icati ons or
funda m ental studi es:

1. The m agneti c ion on the B-site can be varied using either 3 d or 4 d tra nsi ti on
m etals (e.g. Fe, Cr, Mn, Ni , Co, R u) wi th local ized states or 4 f lantha nides
(e.g. Gd, Dy, Ho , Er) wi th highly local ized states.

2. The non-m agneti c ion on the B 0 -site can be vari ed. Here, we have to disti n-
gui sh between ions wi th delocal ized electro ns (e.g. Mo 5 + , W 5 + , Re5 + , R e6 + )
and tho se wi th a noble gas electroni c conÙgurati on (e.g. Nb 5 + , W 6 + ) or a
compl etely Ùlled 3 d - or 4 d -shell (e.g. Sb5 + , T e6 + ).

3. W e can dope electrons into the system by parti al ly replaci ng the di valent
alkali ne earth ions on the A- site by a tri valent rare-earth ion such as La 3 +

[14{ 16].

4. The crysta l structure can be changed by using alkaline earth ions on the
A- site wi th di ˜erent ionic radi i . Thi s resul ts in considerable steri c e˜ects
(see Fi g. 1b), whi ch in turn change the bond angles thereby modi fyi ng the
m agneti c intera cti ons.

5. W ecan also use m agneti c ions on both the B- and B 0 -site as e.g. in LaAVR uO 6

and La AVMn 6 wi th A = Ca, Sr, Ba, or La 2 CrF eO6 [17, 18]. Thi s class of
doubl e perovski tes, whi ch we do not discusshere, may be interesti ng for the
real izati on of hal f-m etal lic anti ferromagnets [19].



Ma gnetoresistance and Magnet ic Propert i es . . . 9

Fig. 1. Sketch of the crystal structure of a cubic double pero vskite (a) with tolerance

factor close to unity . I n part (b) a distorted structure is show n. For a tolerance factor

signi Ùcantly deviatin g from unity the tilt and rotation of the BO 6 octahedra result in a

non- cubic crystal structure and B-O -B 0 bonding angles deviati ng from 18 0
£ . T he B and

B 0 ions are assumed to b e perf ectly ordered.

In thi s arti cl e, we di scussthe magneti c intera cti ons in the doubl e perovski tes
wi th B | a magneti c and B 0 | a non-m agneti c ion, whi ch are sti l l discussed
contro versi ally. W e summari ze the present kno wl edge based on our own resul ts
and the data avai lable in l i tera ture. The model considerati ons are com pared to
exp erimenta l data obta ined for the system A 2 CrW O6 wi th A = Sr, Ca, Ba and
the electron doped system Sr2 À x La x CrW O 6 .

2 . M agnet i c i nt eract io n s i n t h e dou ble p er ovs ki tes

The perovski tes of com positi on ABO 3 are ubi qui tous in oxi de chemistry .
The perovski te structure in the simpl est case consists of a 3D latti ce of ful ly
corner shari ng BO 6 octahedra form ing a cavi ty , in whi ch the larger ato m A is
12- fold coordi nated to oxyg en. Ma ny vari ants are kno wn. The doubl e perovski tes
of com positi on A2BB 0 O6 have chemical supercells, in whi ch two ki nds of ions are
found at the B-site in al terna ti ng octahedra (see Fi g. 1a). A parti cul arl y interesti ng
conÙgurati on, whi ch we wi ll di scuss in the f ollowing , is the case of an ordered
doubl e perovski te, in whi ch only the ion on the B-site carri es a magneti c m oment.
In thi s case the ordered subl atti cesof the B and B 0 ions form two interp enetra ti ng
fcc netwo rks. In rea li ty , of course, there is always a certa in am ount of B/ B 0 cati onic
di sorder (anti site defects), whi ch may considerably a˜ect the m agneti c pro perti es.

The magneti c intera cti ons in the doubl e perovski tes wi th the B- and B 0 -site
ions being magneti c and non-m agneti c ions, respectivel y, are very interesti ng and
compl ex. They stro ngly depend on the deta i ls of the crysta l structure, the amount
of B/ B 0 anti sites, and the m agneti c and electroni c properti es of the B and B 0 ions.
In the fol lowing we discuss the vari ous typ es of m agneti c intera cti ons dom inati ng
in di ˜erent system s and classify the doubl e perovski te m ateri als into di ˜erent
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categori es accordi ng ly. W ith respect to the magneti c ion on the B-site, we wi l l
di stinguish the fol lowi ng two cases:

¯ the magneti c ion is a m agneti c lantha ni de ion wi th highly local ized 4 f states
such as Gd3 + , D y3 + , Ho3 + , or Er 3 + . There is a negl igibl e hoppi ng of the 4 f

electro ns preventi ng a hoppi ng based m agneti c intera cti on mechanism.

¯ the m agneti c ion is a tra nsi ti on m etal ion wi th less local ized 3 d or 4 d states
such as Fe2 + , Fe3 + , Cr 3 + , Ni 2 + , Co2 + , Mn 2 + , V 3 + or Ru 4 + . There is a sizable
hoppi ng resulti ng in a hoppi ng based m agneti c intera cti on m echani sm, whi ch
depends on the electroni c structure of the non-m agneti c B 0 -site ion.

W ith respect to the non-magneti c ion on the B 0 -site, we wi l l di stinguish the
fol lowi ng two cases:

¯ The non-m agneti c B 0 -ion has a parti a lly Ùlled outer shell wi th one or two
delocal ized electrons (e.g. Mo 5 + , W 5 + , Re5 + , Re6 + ). Typi cal exampl es are
Sr 2 FeMo O6 [6, 9, 10, 20], Sr 2 CrR eO6 [7], Sr 2 CrW O6 [12{ 14] as well as
Sr 2 FeReO6 [11, 21] or Ca2 FeReO6 [21{ 23].

¯ The non-magneti c B 0 - ion has a noble gas electroni c conÙgura ti on (e.g. Nb 5 + ,
Ca 2 + , W 6 + ) or a com pletel y Ùlled 3 d - or 4 d -shell (e.g. Sb5 + , T e6 + ). Typi cal
exam ples are Sr2 FeNbO 6 [24{ 26], Sr 2 FeW O 6 [ 5 ; 2 7 29], Ca2 Ni W O 6 and
Ca 2 CoW O 6 [30], A 2 MnW O 6 wi th A = Ca, Sr, Ba [31{ 33], Sr2 ReCaO 6 [34],
Sr 2 Ni TeO6 [35], or Sr2 LnSbO 6 wi th Ln = Dy, Ho, Gd [36].

2.1. Double perovski tes wi th B = magnet ic lant hani de ion

In double perovski te system s A BB 0 O wi th B | a m agneti c lantha nide
ion wi th highl y local ized 4 states, any m agneti c exchange based on the hoppi ng
of electrons such as anti ferromagneti c superexchange of ferrom agneti c doubl e ex-
change cannot operate, since the pro babi l it y for an electron to hop from a 4 state
at one site to another at a neighbori ng site is to o smal l . Thi s is indep endent of
the typ e of ion on the B 0 -site. Ho wever, in thi s situa ti on there may be a weak
near-neighbor indi rect exchange vi a the conducti on electro ns (R uderm an{ Ki ttel {
Ka suya{ Yoshida (R KKY) typ e intera cti on) or dipolar intera cti ons. In thi s case
the m agneti c properti es of the system m ay be very interesti ng due to frustra -
ti on e˜ects. For exam ple, in the case of ordered subl atti ces of the B- and B 0 - ions
the interp enetra ti ng fcc netwo rks fal l into the class of geometri cal ly frustra ted
spi n system s, since an fcc latti ce is composed of a netwo rk of edge-shared tetra -
hedra (see Fi g. 2). If we assume tha t there is only a simpl e anti ferromagneti c
near-neighbor coupl ing am ong the magneti c B- ions, the m agneti c sublatti ce con-
sisti ng of edge-shared tetra hedra (see Fi g. 2) is kno wn to resul t in geom etri c m ag-
neti c frustra ti on. Ma gneti c m ateri als in whi ch long-range m agneti c orderi ng is
frustra ted by the geom etry of the crysta l l ine latti ce have attra cted m uch attenti on
recentl y, since the geom etri cal m agneti c frustra ti on resul ts in the existence of many
energeti cal ly equivalent magneti c ground states [37{ 39]. So f ar, m agneti c frustra -
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Fig. 2. T he atom p ositions and magnetic sublattice in double pero vskites w ith B =

magnetic lanthanide ion. In part (a) the position s of the magnetic B-site ions in the sec-

ond plane or marked by dotted circles. T he thick lines indica te the near neighb or mag-

netic interactions within the planes. In part (b) the 3D arrangement of the edge-shared

magnetic ion tetrahedra is shown. Part (c) show s the B{O coordina tion p olyhed ra.

ti on has been studi ed in 2D KagomÇe latti ce systems consisting of corner- shared
tri angles of m agneti c ions. The 3D extensi on is a cor ner-sharing tetra hedron latti ce
realized in the magneti c lantha nide pyro chl ores [40, 41]. Perf ectly ordered double
perovski tes have m agneti c subl atti ces consisting of edge-shar ing tetra hedra and
represent another frustra ti ng geom etry in three dim ensions. So far, reports on the
m agneti c properti es of these highl y interesti ng m agneti c system s are rare [36].

2.2. Doubl e perovski tes wi th B = magnet ic transi tion metal ion

In doubl e perovski te systems A2 BB 0 O6 wi th B a m agneti c tra nsi ti on m etal
ion wi th less local ized 3 d or 4 d states, the m agneti c exchange is dom inated by
hoppi ng of electro ns between the di ˜erent sites. These pro cesses can resul t both
in ferrom agneti c or anti f erromagneti c coupl ing. Anti ferrom agneti c superexchange
vi a the B{ O{ B 0 { O{ B exchange path is usual ly dom inant for B 0 ions wi th noble gas
conÙgurati on such as Nb 5 + or W 6 + . Ferromagneti c exchange m echanisms (do uble
exchange typ e [42{ 44] or hybri dizati on typ e mechani sm [45{ 47]) are dom inant for
B 0 ions wi th delocal ized 4 d or 5 d electro ns such as Mo 5 + , W 5 + , Re5 + , or Re6 + . The
hybri di zati on between the delocal ized B 0 and the local ized B states usually resul ts
in a ki neti c energy dri ven m echanism causing a strong ferro magneti c exchange
between the B-sites.

2.2. 1. A nt i fer romagnet ic superexchange

The situa ti on for the anti ferromagneti c sup erexchange vi a the B{ O{ B 0
À O{ B

exchange path is sketched in Fi g. 3. Thi s exchange m echanism is dominant for B 0

ions wi th noble gas conÙgura ti on such as Nb 5 + or W 6 + , i .e. a com pletel y empty
4 d - or 5 d -band. Using the simpl e rul e tha t there is an anti ferrom agneti c exchange
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Fig. 3. Sup erexchange mechanism via the B{O {B 0 {O {B exchange path in double per-

ovskites, w here the B 0 has a completely empty d-shell. The superexchange causes an

antif erromagnetic conÙguratio n betw een the locali zed Fe 3 d " spins. The thick arrow

mark the Fe 3d 5 core spins, the broken arrow s indicate the spin conÙguratio n of an

excited state. The low er part show s the situation in a band- like picture for the two spin

direction s. H ere, Â denotes the crystal Ùeld splitting betw een the t 2 g and the eg band,

J H the exchange splittin g. The Nb eg band is well above the t 2g band and not show n.

between two empty orbi ta ls (e.g. between empty Fe 3 d # =Fe 3 d and the Nb 4

orbi tals as sketched in Fi g. 3), we obta in an anti ferrom agneti c coupl ing between
the B- sites. In a band- l ike picture, both the Fe and the Nb states are
empty .

In general , for the doubl eperovski tes the anti ferromagneti c superexchange is
weak due to the long exchange path and theref ore resul ts in low NÇeel tem peratures

of the order of a few 10 K. Typi cal exam ples are Sr FeNbO wi th a NÇeel
tem perature of about 25 K [24{ 26], Ca Co W O and Ca Ni W O wi th = 26
and 56 K, respecti vely [30], as wel l as Sr FeWO wi th = 37 K [27{ 29]. W e
also note tha t the exchange streng th depends on the bonding angles along the
exchange path and usual ly is maxi mum for a 180 superexchange. Furtherm ore,
di sorder on the BB subl atti ces can result in spin-glass-l ike behavi or.

On electron dopi ng the system by repl acing e.g. Sr by La in Sr FeNbO
the Ferm i level shifts into the Nb 4 band. In thi s wa y m obi le electro ns are
avai lable on the B -site favori ng a ferrom agneti c intera cti on as discussed below.
At low dopi ng, a com peti ti on between anti f erromagneti c super- and ferrom agneti c
doubl e exchange occurs whi ch m ay result in a spin-glass state.

2.2. 2. Ferromagnet ic double exchange

One of the puzzl ing f eatures of m agneti c double perovski tes is the stro ng fer-
rom agneti c exchange wi th Curi e tem peratures up to 635 K [7] in systems, where we
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have non-magneti c B 0 ions wi th delocal ized electro ns. The ori gin of ferro magneti sm
in these doubl e perovski tes is sti l l discussed contro versial ly. Recentl y Mo ri to m o et
al . found a stro ng correl ati on between the ro om temperature conducti vi ty and the
Curi e temperature in Sr 2 FeMo O6 , implyi ng tha t the m obi le conducti on electrons
m ediate the exchange intera cti on between the local Fe3 + spi ns [42, 43]. Theref ore,
in analogy to the doped m angani tes i t was tem pti ng to expl ain the ferrom agneti c
coupl ing between the Fe sites based on a doubl e exchange mechanism, where the
delocal ized t 2g electron pro vi ded by the Mo 4 d 1 conÙgurati on pl ays the ro le of the
delocal ized Mn 3 d e g electro n in the mangani tes.

The situa ti on for the doubl e exchange typ e exchange m echanism is sketched
in Fi g. 4 using the exampl e of Sr 2 FeMo O6 . If the Fe t 2g # and the Mo t 2g # bands
are almost degenerate (thi s is equivalent to degenerate valence states Fe3 +

À Mo 5 +

and Fe2 +
À Mo 6 + (see the to p part of Fi g. 4), the t 2g electron can easily hop between

these states pro duci ng a doubl eexchange typ e intera cti on [48, 49]. Tha t is, hoppi ng
of i ti nerant spi n-down electro ns between the Feand Mo sites yi elds a ki neti c energy
gain. Since the Fe 3 band is com pletely Ùlled, thi s hoppi ng of the 2g electrons
is onl y possibl e, i f the Fe core spi ns are all ori ented anti parall el to the spins of
the i ti nerant electrons. As a consequence, a ferrom agneti c state wi th al l Fe spins
para l lel wi l l be energeti cal ly f avored. The Mo 4 2g electro ns cannot hop in thi s
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situa ti on. Theref ore, only the Mo 4 d t 2g # i s broadened resulti ng in a hal f-metal l ic
behavi or (see the botto m part of Fi g. 4).

W e note tha t the situa ti on in the doubl e perovski tes is di ˜erent to the dou-
bl eexchange in colossal m agnetoresistance (CMR ) manganites, where the i ti nerant
e g " spi ns are para l lel to the local ized t 2g " core spins. In the doubl e perovski tes
the com pletely ful l Fe 3 d " band makes it impossible for another spin-up electron
to hop between Fe sites and thus forci ng the delocalized electrons to be spin-down
electrons. Mo reover, in the m anganites both the local ized Mn t 2g electro ns and
the delocal ized Mn e g electron reside at the same site and thei r spins are coupl ed
ferrom agneti cal ly by a stro ng on-site Hund coupl ing J H . In the doubl e perovski tes,
the local ized Fe 3 d electrons (F e : 3 = 5 2 ) and the delocal ized Mo 4 elec-
tro n (Mo : 4 = 1 2 ) nom inall y are at two di ˜erent sites al tho ugh the Mo 4

electron obta ins a Ùnite Fe character by sizable hoppi ng intera cti on. Theref ore, at
Ùrst glance the doubl e exchange scenari o is di ˜erent in the m angani tes and the
doubl e perovski tes.

If the B-site 2g and the B -site 2g bands are not degenerate, as i t is the
case for the system Sr MnMo O [50, 51], the hoppi ng is very weak and, hence, a
m uch weaker ferro magneti c intera cti on is expected wi thi n a doubl e exchange typ e
m odel .

2.2. 3. Ki net ic energy dr iven fer romagnet ic exchange

Sarm a [9, 45] has proposed another m echanism to expl ain ferro magneti sm
in the doubl e perovski tes, whi ch has been extended to many other system s by
Fang, Ka nam ori , and T erakura [46, 47]. In the Sarm a{ Fang{ Kanamori { Terakura
(SFKT) model, the hybri dizati on of the Mo 4 ( 2g) and Fe 3 ( 2g) sta tes pl ays
the key ro le in stabi lizing f erromagneti sm at hi gh Curi e temperatures [45{ 47]. The
essenceof thi s model is summari zed in Fi g. 5 for the case of Sr FeMoO . W itho ut
any hoppi ng intera cti ons, the Fe 3 conÙgura ti on has a large exchange spli tti ng
of the 3 levels in the spin-up and spin-down states and there is also a crysta l Ùeld
spl itti ng into the 2g and the g states. The exchange spli tti ng of the Mo 4

conÙgurati on (better the Mo { 4 O 2 hybri dized states) is vani shingly smal l,
however, there is a large crysta l Ùeld spl itti ng (the g states are several eV above
the 2g states and not shown in Fi g. 5). Switchi ng on the hoppi ng intera cti ons
resul ts in a Ùnite coupl ing between states of the same sym m etry and spin. The
hoppi ng intera cti on not only leads to an adm ixture of the Fe3 to the Mo 4 states,
but more im porta ntl y to a shift of the bare energy levels. Asshown in Fi g. 5, the
delocal ized Mo 2g spin-up states are pushed up, wherea s the Mo 2g spin-down
states are pushed down (bondi ng-anti bondi ng spli tti ng). Thi s causes a Ùnite spin
polari zati on at the Ferm i level (actual ly 100% in Fi g. 5) resul ti ng from the hop-
pi ng intera cti ons. It is evi dent tha t thi s m echanism leads to an anti ferromagneti c
coupl ing between the delocal ized Mo 4 and the local ized Fe 3 electrons, since the
energy is lowered by popul ati ng the Mo 4 spin-down band [45]. The magni tude
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Fig. 5. Sketch of the band structure for the illustrati on of the mechanism stabili zin g

the ferromagnetic state in the double pero vskites using A 2 FeMoO 6 as an example. T he

Fermi energy lies b etw een the exchange split 3 d spin- up and -dow n states. T he solid

lines mark the bands w ithout hybridization , w hereas the broken lines mark the bands

w ith hybridization . T he broken arrow sconnect the hybridizi ng bands. The hybridizatio n

b etw een the eg level has been neglected. The Mo 4d e g band is not show n.

of the spin polarizati on derived from thi s m echanism obvi ously is governed by the
hoppi ng streng th and the charge tra nsfer energy between the local ized and the
delocal ized states [46]. Furtherm ore, the i ti nerant electrons in the Mo t 2g # band
cause ki neti c energy gain vi a a doubl e exchange typ e intera cti on, whi ch further
stabi l izes ferrom agneti sm as discussed above. In vi ew of ki neti c energy gain the
SFKT model is sim i lar to the doubl e exchange m odel discussed above.

The essential point in the SFKT scenari o is tha t the hybri di zed states are
located energeti cal ly between the exchange-spli t Fe 3 d " and the Fe 3 d levels.
Onl y in thi s case a bondi ng-anti bonding spli tti ng is obta ined. W e also note tha t
in the SFKT m odel the magneti c m oment at the Mo site is merely induced by the
Fe m agneti c mom ents thro ugh the hybri dizati on between the Fe 3 and the Mo 4

states whi ch can be vi ewed as a m agneti c pro xi mit y e˜ect. In thi s sensethe double
perovski tes should be denoted ferrom agneti c and not ferri m agneti c. R ecently, i t
has been shown tha t the magneti sm in Sr FeMo O can be wel l described by two
intera cti ng sublatti ces: the localized Fe 3 core and the delocalized Mo 4

delocal ized electron spins wi th a stro ng anti ferromagneti c intera cti on between the
two subl atti ces in good agreement wi th the SFKT model [52].

W e have pointed out recentl y [14] tha t the mechani sm discussed above also
wo rks for the A CrW O system , where only the Cr 3 2g band is ful l , how-
ever, the Cr 3 g band compl etely empty . The key concept of the model again
is the energy gain contri buted by the spin polari zati on of the non-m agneti c ele-
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m ent (now W ) induced by the hybri dizati on wi th the m agneti c tra nsiti on m etal
(no w Cr). It has been pointed out by Sarm a et al . [9, 45] tha t the underl yi ng m ech-
ani sm wi l l always be operati ve, whenever the conducti on band is pl aced wi thi n the
energy gap f orm ed by the large exchange spl itti ng of the local ized electrons at the
tra nsiti on m etal site. As shown in Fi g. 6, thi s is also the case for the A 2 CrW O6

compounds: the W 5 d t 2g band resides in between the exchange spli t Cr 3 d t 2g

spi n-up and spin-down bands. The schemati c band structure of Fi g. 6 has been
conÙrmed by band structure calcul ati ons [14]. The onl y di ˜erence between the
system AsCrW O6 and the system s A 2 FeMoO 6 (or also A 2 FeReO6 ) is the f act
tha t in the form er the majori t y spin band is onl y partl y ful l . Furtherm ore, band
structure calcul ati ons show tha t the crysta l Ùeld spli tti ng in the Cr com pounds
( ¤ 2 eV) is slightly larger tha n in the Fe com pounds [53]. On the other hand,
the exchange spli tti ng in the Cr 3 d bands is som ewhat smal ler tha n f or the Fe
3 d bands due to the valence conÙgura ti on Cr 3 d 3 wi th lesselectrons and weaker
Hund ' s coupl ing. T aki ng these facts into account we ha ve to spli t up the Cr 3 d

spi n-up and spi n-down band into two separate 3 d t 2g and 3 d eg bands wi th the
Ferm i level lyi ng in the gap between the bands as shown in Fi g. 6. Indeed, band
structure calcul ati ons [14] show tha t the Cr 3 d e g spin-up band is about 0.5 eV
above the Fermi level. Ho wever, the above m echanism sti l l works as long as the
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W 5 d t 2g band is placed wi thi n the energy gap between the Cr 3 d t 2g spi n-up and
the Cr 3 d t 2g spi n-down band. Then, again the W 5 d t 2g levels hybri di ze wi th the
Cr 3 d t 2g levels resul ti ng in a negati ve spin polari zati on of the non-m agneti c ele-
m ent W 5 d t 2g and a stabi l izati on of ferromagneti sm and hal f-m etall ic behavi or.
W e note tha t no hybri dizati on ta kes pl ace between the Cr 3 d eg spin-up band and
the W 5 d t 2g spin-up band due to the di ˜erent symm etry of these levels. There-
fore, the exact positi on of the Cr 3 d e g spi n-up band is not relevant. Summ ari zing
our discussion we can state tha t wi thi n the SFKT m odel the essential physi cal
m echani sm leading to ferrom agneti sm is very sim i lar for the A 2 CrW O 6 and the
A 2 FeMo O6 compounds.

3. Th e d oub le per o vski t e A 2 Cr W O 6

In thi s section we discuss our exp erim ental resul ts on bul k sam pl es as well
as epi ta xi al Ùlms of the doubl e perovski te system A 2 CrW O 6 wi th A = Sr, Ca, Ba.
The sampl e fabri cati on has been discussed al ready recentl y [12, 14].

3.1. Struct ural propert ies

The structure of the system A 2 CrW O 6 i s determ ined by the to lerance factor
f , whi ch is varyi ng wi th varyi ng ioni c radius of the A-site cati on. The crysta l
structure of the di ˜erent compounds was determ ined by a Rietvel d reÙnement of
the X-ray data [14]. W hi le Sr2 CrW O 6 has an alm ost ideal tolerance facto r 1

resul ti ng in a cubi c structure ( 3 ) for Ca2 CrW O 6 the tolerance factor is much
smal ler ( = 0 9 4 5 ) resul ti ng in a monocl ini c system ( 2 1 ). For Ba 2 CrW O 6 ,
the tolerance facto r is m uch larger tha n 1 ( = 1 0 5 9 ) resul ti ng in a 6-layered
hexagonal structure ( 62 ).

Co mparing the crysta l lographi c properti es of the A 2 CrW O 6 system s to tho se
of other doubl e perovski tes [54{ 57] shows tha t cubi c or tetra gonal structures are
obta ined onl y for to lerance factors in the range between 0 9 6 1 0 6 . For

0 9 6 , ortho rhom bic/ m onoclini c structures are favored, wherea s for 1 0 6

a hexagonal structure is pref erred (see Fi g. 7). As wi l l be shown below, for most
doubl e perovski tes a maxi mum C i s obta ined f or a to lerance facto r of 1

correspondi ng to an about cubi c perovski te structure wi th a O{ B{ O bond angle
cl ose to 1 8 0 . The requi rem ent 1 for opti mum C in the doubl e perovski te
is di ˜erent f or the doped manganites. Here, a maxi mum C i s achieved for com -
pounds wi th 0 9 5 , tha t is, for a signi Ùcantl y distorted perovski te structure.
Hwa ng et al . [58] have shown tha t the highest C in doped m angani tes is obta ined
for 0 9 3 (i n a m ore preci se analysis by Zho u et al . [59] slightl y larger values for

have been derived based on a coordi nati on num ber of 9). A f urther di ˜erence
between the doped mangani tes and the doubl e perovski te is related to the size of
the A- site cati ons. In the form er we usual ly have a signiÙcant vari ance of the ionic
radi i of the A- site cati ons, whereas thi s is not the case in the doubl e perovski tes
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wi th A 2 = Sr, Ca, Ba. Of course, i t is tem pti ng to state tha t the di ˜erent behav-
ior of the manganites and the doubl e perovski tes is related to di ˜erences in the
underl yi ng exchange mechanisms. However, a deÙnite answer regardi ng thi s issue
cannot yet be given.

W e also have analyzed the Cr/ W subl atti ce order f or A 2 CrW O6 . For the Sr
system the amount of anti sites is 23%, f or the Ca system onl y 13%. W e Ùrst note
tha t the anti site density for A 2 CrW O 6 i s considerably larger tha n for A 2 FeMo O 6 .
Thi s is caused by the very simi lar ionic radi i o f the Cr ( r C r 3 + = 0:615 ¡A) and W ions
( r W 5 + = 0:62 ¡A) com pared to the signiÙcantl y di ˜erent radi i o f Fe( r Fe3 + hig h spi n =

0 645 ¡A) and Mo ions ( M o = 0 61 ¡A). Second, the lower amount of anti sites
in Ca2 CrW O 6 may be associated wi th a gradual tra nsiti on from W 5 + to W 6 +

( Cr = 0 73 ¡A and W = 0 60 ¡A). D ue to i ts hexagonal structure the situa ti on
for the Ba 2 CrW O6 com pound is m ore di £ cul t [14].

3.2. Magnet ic proper ti es

The satura ti on m agneti zati on in A 2 CrW O6 m easured at 5 K was found to
decrease wi th increasing am ount of anti sites ( = 0 5 for compl ete disorder) in
agreem ent wi th other studi es[16, 20]. Thi s can be understo od in term s of the SFKT
m odel by assuming tha t there is an anti ferrom agneti c coupl ing of two sublatti ces
form ed by the ferromagneti cal ly ordered Cr 3 + 3 3 core spins and the delocal ized
W 5 + 5 1 delocal ized electron spins. In the presence of anti site defects, there are
also neighb oring Cr ions coupl ing anti ferro magneti cal ly vi a the superexchange.
Then, the satura ti on m agneti zati on sa t i s expected to fol low the expression

sat ( ) = (1 2 ) ( Cr 3+ ) (1 2 ) ( W 5+ )

where ( Cr 3+ ) and ( W 5+ ) are the m agneti c m oments of the Cr 3 + and W 5 +

ions in uni ts of B , respecti vely. Our experim enta l resul ts are in reasonable agree-
m ent wi th thi s expectati on. For Sr2 CrW O 6 , we observe sat = 1 11 B / f.u. very
cl ose to the exp ected value of 1.08 B / f.u. f or = 0 2 3 . For Ca2 CrW O 6 we have

= 0 1 3 and hence expect sat = 1 48 B / f.u. Thi s value is slightly larger tha n
the m easured value of sa t = 1 34 B / f.u., most l ikely due to the distorted crysta l
structure of Ca 2 CrW O 6 . A deta iled quanti ta ti veanalysis is not possibl e at present
since a theo reti cal predi cti on for sat ( ) based on the SFKT m odel has not yet
been worked out.

W e next discuss the Curi e tem perature. W e found tha t the substi tuti on of
Sr by Ca or Ba in A 2 CrW O6 results in a stro ng reducti on of C f rom 458 K (Sr)
to 161 K (Ca ) and 141 K (Ba ). The im porta nt point is tha t the com pound wi th a
to lerance facto r 1 has the m axi mum C . In parti cul ar, the m agneti c pro perti es
of the Ba 2 CrW O6 com pound are com pletel y di ˜erent f rom tho se of Sr2 CrW O6

and Ca2 CrW O6 . Here, the large ionic radius of Ba 2 + enlarges wel l above uni ty .
Thi s causesa structura l pha se tra nsi ti on to wards a hexagonal structure, where the
ferrom agneti c intera cti on is stro ngly suppressed [14].
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Co mparing our results for the series A 2 CrW O 6 to other doubl e perovski te
compounds (see Fi g. 7), i t becomes evi dent tha t the suppression of T C as a functi on
of the devi ati on of the to lerance factor from i ts ideal va lue of f = 1 i s a general
trend: i t is only weak for the series A 2 FeMoO 6 wi th A = Sr, Ba, Ca , where T C

vari es between 310 K and 420 K [1, 54{ 57]. Ho wever, i t is also strong for the series
A 2 CrR eO6 wi th TC = 635 K f or Sr2 CrR eO6 and TC = 360 K f or Ca2 CrR eO6 [7]. In
general , a hi gh Curi e tem perature can onl y be real ized in doubl eperovski tes of the
compositi on A2 BB 0 O6 havi ng a to lerance f actor close to uni ty . Thi s is real ized in
the di ˜erent system s for A2 = Sr2 . For f well below uni ty , the Curi e tem perature is
dra stical ly reduced in agreem ent wi th wha t is found for the doped m angani tes [58].
For the doubl e perovski tes, the system (Sr 1 À y Cay ) 2 FeReO6 i s an excepti on of the
general rul e [60]: here, the Ca 2 FeReO6 com pound has the highest TC , al tho ugh the
to lerance factor decreasesconti nuousl y from f = 0 9 9 7 f or Sr2 FeReO6 to = 0 9 4 3

for Ca2 FeReO6 on substi tuti ng Sr by Ca . We note, however, tha t CaFeReO6 i s a
uni que materi al as i t is a f erromagneti c insul ato r and tha t there m ay be an other
m echani sm causing the hi gh orderi ng temperature [23].

W e bri eÛy di scussthe observed vari atio n of C wi th varyi ng to lerance factor
in the context of the m odels discussed above. It is wel l kno wn tha t Ùrst the toler-
ance factor is inti m atel y related to the bond angles and second tha t in perovski te
typ e tra nsiti on m etal oxi des in general the increase in the B{ O bond length and
the devi ati on of the B{ O{ B bond angle from 1 8 0 £ has the e˜ect of reduci ng the
hoppi ng am pl i tude . Thi s is caused by the reducti on of the overl ap of the oxygen
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2 p and tra nsiti onÀ m etal d states [61]. Since the weakeni ng of the hoppi ng causes
a reducti on of the energy gain stabi l izing ferrom agneti sm both wi thi n a double
exchange typ e and the SFKT m odel , we expect a signiÙcant decrease in T C wi th
increasing devi ati on of the to lerance f actor from f = 1 or, equivalentl y, wi th an
increasing devi ati on of the B{ O{ B bond angle from 1 8 0 £ . Thi s is in good qual i -
ta ti ve agreement wi th our resul ts on the A 2 CrW O 6 com pound and the col lected
data plotted in Fi g. 7. Theo reti cal m odels pro vi di ng a quanti ta ti ve expl anati on
have sti l l to be devel oped.

3.3. Magnetot ranspor t propert ies

Fi gure 8 shows the tem perature dependence of the resistivi ty £ for the double
perovski te system A 2 CrW O6 wi th A = Sr, Ba, Ca. Al l sam ples show an increase
in the resisti vi ty wi th decreasing tem perature. Since the investigated sam ples are
polycrysta l l ine, the inÛuence of gra in boundari es plays an im porta nt ro le. Hence,
the observed semiconducto r- like £ ( T ) curves most l ikely are related to the grain
bounda ry resistance, whereas the intri nsic resistance is metal l ic. W e also studi ed
the £ ( T ) curves of epi ta xi al thi n Ùlm s conta ining no gra in bounda ries. Al tho ugh
these Ùlm s show m etal lic behavi or, the intri nsi c resistivi ty behavi or of the thi n
Ùlms could not be deri ved unam biguously, since the surface of the SrTi O 3 substra te
becomes conducti ng under the depositi on condi ti ons [13].

Al tho ugh the intri nsic resistivi ty behavi or could not be una mbiguousl y de-
ri ved from our measurements, the fact tha t dl n dl n 0 for 0 [14] pro vi des
signiÙcant evi dence for a metal l ic behavi or in the Sr2 CrW O 6 sampl e. Here, is
the electri cal conducti vi ty . The observed trend tha t the resistivi ty increases, i f Sr2

i s replaced by Ca2 and even m ore by Ba 2 , can be understo od as fol lows: in contra st
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to the cubi c perovski te Sr 2 CrW O 6 , Ca2 CrW O6 has a distorted perovski te struc-
ture wi th a B{ O{ B bondi ng angle devi ati ng from 1 8 0 £ . Thi s resul ts in a reducti on
of the overl ap between the relevant orbi ta ls and, hence, the hoppi ng am pl itude.
Fi nal ly, the Ba 2 CrW O 6 compound has the hi ghest resisti vi ty most likel y due to
i ts hexagonal structure.

The dashed curves in Fi g. 8 show the £ ( T ) curves m easured at an appl ied
Ùeld of 80 kOe. It is evident tha t the largest m agneto resistance is observed for the
Sr 2 CrW O6 sam ple. As shown in the inset, the polycrysta l l ine Sr2 CrW O 6 sampl e
conta ining a large num ber of gra in bounda ries shows a large negati ve low- Ùeld
m agneto resistance, MR = [R ( H ) À R (0 ) ] =R ( H ) , of up to about { 100% at 5 K and
8 T. At room tem perature, thi s e˜ect is reduced to a f ew percent. The large grain
bounda ry MR e˜ect at low tem peratures indi cates tha t Sr2 CrW O 6 has a large
spi n polarizati on of the charge carri ers and due to i ts high Curi e tem perature may
be an interesti ng candidate for spintro ni c devi ces operati ng at room tem perature.

3.4. Optical proper t ies

W e have perform ed opti cal reÛection and tra nsmission m easurements of
Sr 2 CrW O6 thi n Ùlm s wi th photo n energies from 0.38 eV to 7 eV [14]. Since the
SrTi O3 substra tes, on whi ch the epi ta xi al qual i t y of the Ùlm s is high, are tra ns-
parent only f or photo n energies in the range 0.20{ 3.2 eV, we ha ve also investigated
stra ined epi ta xi al Sr 2 CrW O6 Ùlms on La Al O 3 substra tes, whi ch are tra nsparent
from 0.17 to 5.5 eV, and polycrysta l line Sr2 CrW O 6 Ùlms on Mg Al 2 O3 substra tes,
whi ch are tra nsparent between 0.22{ 6.5 eV. The opti cal m easurements show an
increase in the absorpti on coe£ cient of Sr 2 CrW O 6 above 4 eV, whi ch can be
attri buted to a charge tra nsfer tra nsiti on between the p - l ike spin-up and -down
oxyg en bands at { 3 eV below the Ferm i level into the oxygen/ m etal bands at
+1 eV above the Fermi level. Furtherm ore, an absorpti on shoulder around 1 eV
wa s found, whi ch coinci des roughly wi th the energy gap at the Ferm i level in the
spi n-up band, and is therefore probably caused by tra nsiti ons from the Cr spin-up
t 2g states below the Fermi level into the oxygen/ meta l bands around +1 eV above
the Ferm i level. Unf ortuna tel y, due to the substra te absorpti on below 0.2 eV, no
opti cal inform ati on is avai lable in the infrared region whi ch wo uld al low a m ore
deÙniti ve statem ent wi th respect to the density of states at the Ferm i level and
the hal f-metal l ic character of Sr2 CrW O 6 .

3.5. Elect ron doping

W e ha ve studi ed the e˜ect of electron doping in Sr 2 CrW O 6 in a series
of Sr2 À La CrW O 6 sam ples wi th = 0 , 0.1, 0.3, and 0.5. In our exp eriments
tri valent La 3 + i s chosen to repl ace the Sr2 + ions because the ionic radius of
La 3 + ( L a = 1 36 ¡A) is sim i lar to tha t of Sr2 + ( Sr = 1 44 ¡A). X- ray anal -
ysis showed tha t the latti ce param eter slightly decreases from 7.818 ¡A ( = 0 ) to
7.804 ¡A ( = 0 5 ) as expected due to the smal ler ioni c radius of La 3 + com pared to
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Fig. 9. Variation of the saturation magnetization M sa t at 5 K (a), the amount of antisite

defects (b) and the Curie temp erature T C (c) as a function of the La substituti on x in

Sr 2 À x La x C rWO 6 . The dotted lines are linear Ùts to the data.

Sr 2 + . However, the crysta l structure of al l sam ples rem ained cubi c. Fi gure 9 shows
tha t wi th increasing La content we observe an increase in anti sites, a reducti on of
the satura ti on m agneti zati on, and a reducti on of the Curi e tem perature.

At present, we can o˜er the fol lowing pl ausibl e expl anati on. Since La doping
is expected to result in a reducti on of the di ˜erences in the valence states of Cr
and W , i t evidentl y results in a reducti on of the di ˜erences in the ioni c radi i of
Cr and W ( r C r 2 + W 0 73 0 63 and C r W 0 615 0 62). Theref ore,
increasing the dopi ng level resul ts in m ore simi lar ionic radi i of Cr and W pavi ng
the way for the creati on of Cr/ W anti sites.

W e next di scuss the observed decrease in sat and C wi th increasing La
content. Since La substi tuti on causes both electro n dopi ng and an increase in an-
ti site defects, an unam biguous expl anati on of the sat and C reducti on is not
possible. W i th respect to sa t , on the one hand an increasing am ount of anti -
sites is expected to reduce sat as discussed al ready above. Thi s is in agreement
wi th other experim enta l results and recent Mo nte Ca rlo sim ulati ons [16, 20, 62].
Ho wever, on the other hand also wi thi n the SFKT model a reducti on of the satu-
rati on m agneti zati on wi th increasing electron dopi ng is expected to reduce sat .
Accordi ng to the i l lustra ti on given in Fi g. 6 i t is evi dent tha t electron doping in
the Sr2 CrW O 6 system increases the induced spin-down magneti c mom ent at the
W site, since the electrons are Ùlled into the W band, and thereby reduces

sat due to the anti ferro magneti c subl atti ce coupl ing of the Cr and W mom ents.
W e Ùnal ly di scuss the inÛuence of La doping on the Curi e temperature. In

general , both the experim ental data on the variati on of C wi th electron dopi ng as
wel l as the theo reti cal interpreta ti on is contro versial at present. In single crysta ls
of Sr2 La FeMoO 6 Mo ri to m o et al . have found tha t C does not change as a
functi on of La dopi ng for [43]. In contra st, Na varro et a l. have reported a
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considerable increase in T C of about 70 K in ceram ic sampl esof Sr2 À x La x FeMo O6

inv estigati ng a wi der dopi ng range 0 ç x ç 1 [16]. A simi lar increase has been
observed by Serrate et al. for polycrysta l line (Sr 0 : 2 Ba 0 :8 ) 2 À x La x FeMo O6 [15]. In
our study of the system Sr 2 À L CrW O 6 we have found a reducti on of C of about
80 K in the dopi ng range 0 0 5 .

From the theo reti cal point of vi ew one expects both an increase and decrease
in C wi th increasing dopi ng dependi ng on the m odel . On the one hand, wi thi n
the SFKT model [45{ 47] C i s expected to be rather reduced tha n enhanced by
electron doping due to the f act tha t the possible energy gain by shifti ng electrons
from spin-up band into the spin-down band is reduced [44]. Thi s, in turn, reduces
the stabi l i ty of the ferrom agneti c phase in agreem ent wi th our resul ts. Ho wever,
the ro le of the increasing am ount of anti sites wi th increasing doping sti l l has to be
cl ariÙed. On the other hand, in a doubl e exchange typ e m odel the increase in the
num ber of conducti on electrons prom oted by La dopi ng is exp ected to enhance
the doubl e exchange intera cti on leading to an increase in C . Tha t is, at Ùrst
glance the observed decrease in C wi th increasing doping level in the system
Sr 2 À

La CrW O6 seems to support the SFKT m odel . Ho wever, we have to take
into account tha t by La doping besides the numb er of electro ns we also increase
the am ount of disorder. The latter m ay weaken the doubl e exchange intera cti on
su£ cientl y to result in an e˜ecti ve decrease in C also wi thi n a doubl e exchange
based m odel . Further work is requi red to clari fy thi s issue in more detai l .
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