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Impact of cation size on magnetic properties of AA’),FeReQ; double perovskites
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We study the influence of the cation size in the magnetic properties AR’ )oFeReQ (AA’
=B&,Ba, sSiy5,BaSr,BasSr 5, Sk, Cay 551 5,CaSr,CasSrh 5,Ca) double perovskites. As the average cat-
ion size decreases, the crystallographic structure at room temperature evolves from cubic to tetragonal and
monoclinic. The large lattice effects observed for the monoclinic compounds could be responsible for their
anomalous behavior. The Curie temperature increases anomalously=B66K for Bg to ~522 K for Cg,
which seems to need an additional ferromagnetic coupling to the usuab{F&et,;) pdd-m coupling. At 5
K, the magnetization at 5 T is close tqg3/f.u. for those compounds with average cation size between that of
Ba, and that of CgsSr, 5 and the coercivity is found to be large in all casiesthe KOe rangg The remaining
compounds (CaSr,GaSry5,Ca) undergo a simultaneous structural and magnetic transition below 150 K
which produces a huge increase in the coercivity and reduces the magnetization. Magnetotransport properties
change accordingly. From our results, a novel strong magnetostructural coupling in these compounds is an-
ticipated. These results are interpreted within a scenario where the Re orbital state plays a crucial role in the
ground state.
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. INTRODUCTION Sr,FeMoQ; compound. Thus, when comparing F£aReQ
and SgFeMoQ;, we notice that with regard to structural
Magnetic oxides with an ordered double-perOVSkite StrUCproperties’ Cﬂ:eReQ iS monoc”niC, and %“:el\/loq3 iS te-
ture A,BB'Og are very promising for applications in the tragonal. Wu proposed that the lower Fe-O-Re angle in
field of spin electronics. In order to build real devices work- CaFeReQ (~156° at room temperatufe than in

ing at and above room temperature, stringent requirements, FeMoQ, (~172° at room temperatt¥® could be at the
are a high spin polarization at the Fermi level together with aorizgin of the increasedic in CaFeReQ by allowing a

high Curie temperaturelt), far above room temperature. pdd-o coupling!’ When comparing the electronic structure

After the discovery of those properties in,6eMoQ; (Tc . ;

_ 1 : , of both compounds, we also notice that the Re brings about

;é;o g)r B(;thE; ngcﬁ;%‘i' :dgl;?/ll% pFe:;aveskgfgeB BCE\)/?/ (SC more electrons to the spin-down subbahavhich can also
L ' ’ ’ ' ~7” _be a source for increasiniy. .>*® Especially intriguing is the

are being intensively studied at the aim of finding a com—d_f_f i th tic behavior. Re-based doubl
pound with even better performanté3Some devices based ference in the magnetic 1eg avior. xe-based double perovs-
kites are magnetically hard;:*°which is not the case in Mo-

on SpFeMoQ; like magnetic tunnel junction$and magne- : X
toresistive potentiometefshave already been produced. ~ Pased double perovskitésRegarding the transport proper-

The ferromagnetic metallic properties of ,BeMoQ;  {ieS, CaFeReQ shows semiconducting behla\ﬂc'un contrast
have been explained by the double-exchange interaction F&ith the metallic behavior of $FeMoQ;.” In addition,
O-Mo. Band calculations indicate that, with regard to theC&FeReQ undergoes a structural transition beloW
valence and conduction bands, the spin-up subband is below150 K that further increases its resistivify:>*°All these
the Fermi level and consists of five “localized’t3electrons  properties make the study of gaeReQ very appealing.
produced by Fe$=5/2). The spin-down subband would be However, it seems clear that systematic studies are necessary
located at the Fermi level and would consist of one “delo-in order to understand the unexpected properties of Re-based
calized” electron shared by Fe and Mo and mediating thedouble perovskites.
double-exchange interaction between the “localized” spins In our study, we have systematically varied the cation
through the oxygen orbitafsideally, the conduction elec- size in (AA’),FeReQ double perovskites by synthesizing
trons would show complete negative spin polarization at thehe compounds AA’=Ba,,Ba, sSI5,BaSr,Bg sSry 5, Sh,
Fermi level, say, half metallicity. This property would lie at Ca sSr; 5,CaSr,CasSih5,Ca. The wide range of cation
the basis of the high tunnel magnetoresistance observed #izes used has allowed us to investigate how the structural,
magnetic tunnel junctions due to spin-polarized tunnéfing magnetic, and magnetotransport properties change from
and in polycrystalline samples due to the intergrain magneBaFeReQ, a cubic system showing metallic behavior, low
totunnelling effect Curie temperature, and not too large coercivity, to

Re-based double perovskites are the most promising conGaFeReQ, a monoclinic system showing semiconducting
pounds in terms of highTc.” ' Thus, the compound behavior, high Curie temperature, and huge coercivity. Our
Sr,CrReQ is found to havel-~635 K and the compound work focuses on the influence of the cation size on the mag-
CaFeReQq is found to haveT-~538 K. However, these netic properties, which will simultaneously impact on lattice
compounds show structural, magnetic and transport propeeffects and magnetotransport properties. In fact, our results
ties substantially different from those of the archetypalanticipate a novel magnetostructural coupling in these com-
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pounds which is explained by the relevant role played by an__ 25000 -
unquenched Re orbital magnetic moment in combination2
with the spin-orbit coupling and crystal-field effects.

20000

15000 —
Il. EXPERIMENTAL DETAILS

The samples were prepared by solid state reaction. Sto 10000 ’
ichiometric amounts oA,CO; (A=Ba, Sr, and Ca Fe, 03, 000! L ¢ g ]
ReQ;, and Re(the ReQ/Re ratio is 5/], were mixed and e —hr
pressed into pellets. The pellets were heated at 1000 °C dui 0 T 2 e
ing 3 h in anatmosphere of Afnominal purity 99.9995% 20 0 20 ?36

. . ) o~y g.)
with heating and cooling rates of 7 °C/min. Contact between
pellets and crucible are minimized to avoid Re loss. The FiG. 1. X-ray diffraction patterns at room temperature of the
resulting pellets were soft and usually showed breaks but thea’=sr,, CaSrs, CaSr, CasStys, and Ca compounds
perovskite phase was already formed. As the electrical meashown in this order in the figureThe inset shows in detail théd2
surements require hard samples without breaks, a part @fnge where thél11) peak appears and marks the appearance of the
each sample was ground, pelletized and sintered at 1000 °B2, /n monoclinic structurésee texx
during 1 h. The new pellets were harder and did not show
changes in their physical properties. found any evidence for phase separation at room tempera-

X-ray measurements have been performed with a D-mature. The corresponding pattern was successfully refined with
Rigaku system with rotating anode operated at 40 kV and 80ne crystallographic phase and giving rise to structural pa-
mA and a graphite monochromator was used to select the Qmeters similar to those ones reported by Oikaal*

Ka;, radiation. For the low-temperature x-ray measure- The compoundsAA'=Ba, BasSrhs, BaSr, and
ments, a cryostat working down to liquid nitrogen tempera-BaysSr; 5 show cubic structure(space group Fm3m)

ture has been used. Structural data have been obtained fromhereas Sris tetragonalspace group4/m) and Cg St s,
refinement of the x-ray diffraction patterns by usiRgLL- CaSr, CasSrys, and Ca are monoclinic (space group
PROF. The Curie temperature has been measured by means BR, /n). These structural phase transitions can be understood
a Faraday balance working above room temperature. Magnéy taking into account that a smaller cation size favors the
tization measurements up to 50 KOe across the temperatutiting of the Fe/Re-O octahedra in order to fill the empty
range 5—-375 K have been carried out in a commercial supespace around the cations and the cubic structure is replaced
conducting quantum interference device magnetometeby other space groups with lower symmetry. For example,
Magnetotransport properties have been measured by thhe|4/m space group arises from tla®a®c~ octahedral tilt
four-point technique by injecting a dc current and measuringGlazer's terminolog$?) whereas theP2,/n space group
the voltage across the central contacts, either keeping curreatises from thea*b b~ tilt. The tilts give rise to small

or voltage constant for low and high resistances, respectivelylisplacements of the oxygen atoms from the ideal cubic po-
Thermoelectric effects are minimized by inverting the cur-sitions and new diffraction peaks come up. Figure 1 shows
rent. Magnetic field up to 1.5 T for the magnetoresistancehe room-temperature x-ray diffraction patterns fan’

Intensity (arb. un

measurements was provided by an electromagnet. =8, Cg 55N 5, CaSr, CasSlys, and Ca. The monoclinic
distortion of the unit cell is clearly visible for Gaand
Il RESULTS Ca 5Srp 5 samples and the patterns can be well fitted within

the framework of thd®2, /n space group. The patterns of the

Refinements of the x-ray diffraction patterns at room tem-Ca, sSr; 5 and CaSr compounds resemble the pseudocubic
perature indicate that the samples are single phase except fetructure. However, a detailed inspection of the patterns evi-
the presence of tiny amounts of impurity phases. A usuatlences the presence of ttid 1) diffraction peak(see inset of
impurity, hardly detected in the x-ray pattertend not al- Fig. 1), which is forbidden in the tetragonglype lattice. It
ways, is metallic Re in amounts equal or less than 0.6%.can be indexed in a primitive cell, so according to the rest of
Only BaFeReQ showed asymmetric broadening in the basethe series, we have refined the patterns in Bf2¢/n space
of the main diffraction peaks that may be related to the presgroup. It is worth pointing out that such fittings give better
ence of a minor secondary perovskite phase poorly crystakeliability factors than those performed within th&m space
lized. Concerning the crystal and magnetic structure ofyroup.
CaFeReQ, Westerburget al. claim phase separation intwo ~ We would like to remark that even if the octahedra can
different phases across a wide temperature rengdile  undergo relatively large tiltings, the pseudocubic unit cell is
Oikawa etal. find single phase behavior at room only slightly deformed even for the smallest cations. This is
temperaturé! This difference could be related to details of illustrated in Fig. 2, where the lattice parameters obtained
the synthesis. Our synthetic route is similar to that one refrom the refinements are shown as a function of the cation
ported by Oikawaet al?* and is characterized by a short size[ionic radius taken from tables by Shannon for coordi-
reaction time and the use of Re plus Re oxides (Be@®- nation number equal to 1®Ref. 23]. In order to compare the
stead of Fe plus B©; as precursors in order to achieve a overall behavior across the studied series, for the tetragonal
mixed valence state. In our geeReQ@ sample we have not and monoclinic compounds the lattice parameters in the
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(AA')ZFeReO compounds. The largest effect occurs for,Cavhere the
e e e 6 e deviation in the lattice parameters and the volume is of the
8 T (A //f/ Ba, order of ~1%, which is a huge value in terms of lattice
- < a2 > - . effects. The origin of this effect is mainly steric as a similar
F - BaSr 1 .
79 o« — ¥ ] structural behavior can be deduced from the values of the
< - /'/sz {  lattice parameters inXA”") ,FeMoQ;.*® This huge structural
s 78 ,./‘/}’CaSr 7 effect can trigger new phenomena such as a different elec-
B /éa s 7 tronic structure or a large magnetoelastic coupling. Substan-
O A 7 tial changes in the electronic structure at room temperature
© #Ca, ] can be ruled out. For instance, in terms of dc resistivity val-
L e B S N B ues, we do not observe relevant difference among com-
F - - .
8L NIb (A A 3 pounds such a®A’'=Ba,, S, and Ca. Optical conduc-
Js <> o 1 tivity measurements by Katet al!® in AA’=Sr, and Ca
: 7 ] also find metallic behavior at room temperature with a Drude
~ 79F e 3 .
< f s ] component. However, several features suggest that this huge
o 785 s E lattice effect could switch on a large magnetoelastic cou-
78F a7 E pling. One of these features is seen when comparing the
775 3 1 individual behavior of the lattice parameters and the direc-
: | . . . | L ] tion of the spontaneous magnetization at room temperature
£ ' ' ! ' ‘ /"'_ in CaFeReQ (studied by means of neutron diffractiSn
8L ///'/ E Granadoet al. have found that the spontaneous magnetiza-
7.95 £ //y E tion axis at room temperature lies in taeplane, 55° off the
. T8F " e a axis?® By inspection of Fig. 2, we notice that at room
L 785 F /'{ 3 temperature the and c axis are contracted whereas the
©  J8E 4 E axis is expanded. Thus, it seems that the easy magnetization
775 E S E axis could be determined by magnetoelastic effects through
77 3 / E the Villari effect (inverse magnetostriction effgcin which
TP | | ‘ ‘ L strain influences the magnetic state. The most common
L B B A AR B mechanism explaining magnetostriction effects requires an
520 P orbital anisotropic electron charge densjivhich couples to
& 510 F T 3 the lattice via crystal-field effectsand a spin-orbit interac-
< : e 1 tionth les the orbital and spi i &hts
—~ 500 F - 3 lon that couples the orbital and spin magnetic mom .
E 490 £ )ﬂ//' E conclusive argument for a strong magnetoelastic effect in
) 3 o E CaFeReQ (and very probably in CaSrgFeReQ and
= 480 [ L ] ;
O 4ob 7 ] CaSrFeRe@as wel) is the fact that an anomalous thermal
> : / v ] expansion of thé axis starts exactly af, when a sponta-
460 £ v E neous magnetization sets3hThis assumption will be fur-
450 = 1'35 = ‘1'4' = 1'45 — '1'5‘ = 1;5 = '1‘6" ther supported by the correlation observed abetween the
' : ’ L ’ ' new easy magnetization axis measured with neutron diffrac-
<r>(A) tion and the change in the individual lattice parametees

below). Moreover, the magnetic properties reported below
FIG. 2. (a) Cell parameters obtained from x-ray diffraction re- can only be explained assuming a strong magnetoelastic
finements as a function of the cationic size l®A’),FeReQ. In coupling.
order to establish the overall behavior, in the case of the tetragonal The Tc values as a function of the average ionic radius

and monoclinic samplesAA’=Sr,, C&sSh s, Casr, CasSlos,  are shown in Fig. 3. For the compounds with ionic radius
Ca) the lattice parametesandb have been multiplied by?2 (see size between those &A’'=Ba, and S, a roughly linear

texp. Lines are visual gu'd?s' Dev'at'o.ns fr9m a linear IDe'h‘"“"c’rincrease inT - with decreasing ionic radius is observed. This
occur for the compounds with small cation size.

increase can be accounted for by the modification of the bare
electronic bandwidttiWw), which is determined by structural
pseudocubic cellgv2,bv2,c) are represented instead of the parameters, as was already proposed in %ha’j,FeMoQ;
parameters of the true unit cell. This is reasonable given theeriest® In that study the phenomenological relationsfiip
small distortions with respect to the cubic cell. In the case of W~ cosw/(dge/mo.0 >> Was found, wherew is the “tilt”

the monoclinic compounds, thé angle deviates less than angle in the plane of the bond, given bw=(7
0.05° with respect to 90°. Beginning fromA’=Ba,, the  —(Fe-O-M0), anddgemo.0is the Fe/Mo-O bond length. In
lattice parameters diminish as smaller average cation size the case of AA’),FeReQ, for the compounds between
used. A linear dependence is observed frAlA'=Ba, to  BaFeReQ and SgFeReQ, cosw~1, and the decrease in
AA'=Cg sSr, 5. However, large deviations from this linear the cation size brings about the decreasealgfge..oWhich
behavior are noticed for th&A’=CaSr, CasSry5, and Ca  will increase the bare electronic bandwidth and, as a conse-
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FIG. 3. Crystallographic structure at room temperature and Cu- s F

rie temperature as a function of the average ionic radius & gige :
in (AA"),FeReQ. A linear behavior occurring for large cation 5 1}
sizes breaks for the compounds with cation size smaller than that 0 = ;
AA’=Sr,. Lines are visual guides. =

quence,T. However, Fig. 3 clearly shows that with a fur-
ther decrease in the cation size an additional mechanisn -
must be invoked in order to explain the anomalous increase 3 b b L
of Tc for the compounds between ,$eReQ and 2100 -110 0 110
CaFeReQ. Theoretically, Wu has proposed that deviations H (Oe)
of the Fe-O-Re angle frqm 180° bring abput a flmtg den5|ty FIG. 4. Magnetization hysteresis loops at selected temperatures
of states of Fe/Re, orbitals at the Fermi I_evel. This _W|II for Cay<Sr, FeReQ (a) and CaSrFeReD(b). The simultaneous
allow a nonzero (Fe;—Reey) pdd-o coupling promoting  siryctural and magnetic transition in CaSrFeR@®T <~ 40 K pro-

a ferromagnetic interaction. This interaction plus the usualyces a decrease in the magnetization under 5 T and a substantial
ferromagnetic double exchange interaction via a (fe increase in coercivity.

—Rety,) pdd-7 coupling could enhance the overall ferro-
magnetic coupling’ This assumption can explain Fig. 3 rea- antisite defects. However, for the compounds with small
sonably well, at least qualitatively. cation size AA’=CaSr, CasSly5, and Ca), the magneti-
Magnetization measuremershown in Figs. 4, 5, and)6  zation under 5 T is substantially lower thapg/f.u. at 5 K,
have allowed us to investigate the change in some magnetighich correlates with the decrease of magnetization at the
properties as a function of the cation size. In the simplessimultaneous magnetic/structural transition occurring @t
ionic picture, two couples of ionic configurations are pos-This transition observed at low temperaturds pelow 150
sible, Fé3-Re™ and Fé2-Re™®. Both give an expected K) in the monoclinic compounds can be detected by means
saturation magnetization of (3 /f.u. Theoretical calcula- of x-ray diffraction(see Fig. 7 and by measuring the thermal
tions by W’ predict strong band hybridization but the cal- dependence of the magnetizatitsee Fig. 6. We have de-
culated total spin is @g/f.u. Mosshauer experiments for fined the exact value dfs as the maximum of the derivative
AA’ =Ba, conclude either a F€ staté® or a Fe' 2 staté®or  of magnetization versus temperatlisee Fig. 60)]. In Fig. 4
an intermediate valence state betweeri¥and F€> (Ref.  we compare the magnetization loops at temperatures above
7) and for AA’=Sr, and Ca a Fe'?® state is propose%f. and belowTg in two selected compounds. That figure com-
NMR measurements in our sample&A’=Ba,, Sr,, and pares CaSrFeReQ Ts~40K, with Ca S FeReQ,
Ca) indicate that the Re ions bear a magnetic moment ofvhich does not show any transition. 81, sFeReQ shows
~1ug,?which is the expected value for R& These NMR  a normal behavior in a ferromagnetic material, with slightly
measurements also confirm that the Re magnetic moment farger magnetization and coercivity & K than at 200 K.
antiparallel to the Fe magnetic moment which supports thédowever, the behavior of CaSrFeRei® different. First, the
ferrimagnetic ordering scheme. As a consequence, the exaagnetization under 5 T decreases below 100 K. Secondly,
pected maximum value for the magnetization in these comthe coercive field is substantially higher, more than a factor
pounds is 3ug/f.u. of 3 larger at 5 K than at 100 K, which is not expected from
In Fig. 5 the magnetization under 5 T@K is shown as  thermal effects alone in a ferromagnetic material. In the case
a function of the average ionic radius. At 5 K there are twoof the Ca sSrp sFeRe@ compound, withTg~90 K, the co-
types of compounds. For large cation sizefAA( ercive field increases one order of magnitude from 200 down
=Ba,,Ba; 551y 5,BaSr,Bg sSr; 5,5, Cay 55 5 its value is  to 5 K and in the case of GReReQ more than a factor of 4
close to Jug/f.u. in all the compounds as expected from the(Tg~110 K). In order to illustrate this anomalous behavior
previous discussion. Deviations from this value in theseof the compounds with small cation size, the coercive field is
compounds are normally explained as due to the presence shown in Fig. 5 as a function of the cation size at 200 and 5

CaSrFeReO 6

310* 410

210*
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FIG. 5. (a) Magnetization under 5 T @5 K as afunction of the T(K)
cation size(lines are visual guidgsThe decrease of magnetization

for small cation sizes is connected to a simultaneous structural ant 120 .

magnetic transition occurring below150 K. The inset compares 100 | Ca

the magnetization under 5 T &t=5 K andT=200 K for the com- i

pounds with small cation size&) Coercive field as a function of . 80 | (©
the cation size af =5 K andT=200 K. The increase of coercivity < &0 3

associated to the magnetic/structural transition is remarkable. =2 w0 .

K for all the compounds. These results support the hypoth- 20 F Ca,Sr. o
esis of a simultaneous structural/magnetic transition occur- obry v g
ring atTs. Granadcet al. have suggested by neutron experi- 132 134 138 138 14 142 1.4
ments in CaFeReQ that belowTg the easy magnetization <rz> (A)

axis changes from lying in thac plane to be parallel to the

b axis. Moreover, a small diffraction peak, which could cor- ~ FIG. 6. (8) Magnetization versus temperature under 1 T for the
respond to an antiferromagnetic canting in the Re and/or FE°MPounds with small cation size. The samples were cooled with-
magnetic sublattices with the propagation vector along on&Ut magnetic field down to 5 K. Afterwards, 85 T magnetic field
particular Fe-Re-Fe binding direction, has been detelted. Was applied and, subsequently, the measuring fieldT was ap-

Our results are in agreement with this hypothesis. An antip“ed and the thermal dependence of the magnetization when heat-

ferromagnetic canting could explain the decrease in the mag%?g was recordedb) The deriv.aﬂve of magnetigatic_m versus tem-

netization under 5 T that we observe in CaSrFeRedd era_ture for_ the compounds with smaII_ patlon size is shown and the
maximum is marked.(c) The transition temperature of the

Cai_58r0.5F'eReQ. In, the case Qf Cj.-FeReQ, we observe structural/magnetic transition obtained from the magnetic measure-

the huge increase in the coercive fieldTatbut we do not | onis is shown as a function of the cation size.

observe the decrease in the magnetization under 5 T. A pos-

sible reason is that in this sample the transition could bev1 phase, still present at 5 K.

incomplete belowl . In fact, neutron diffraction studies evi- In order to characterize precisely the transition tempera-

dence a tendency in GleeReQ to show mesoscopic phase ture Tg from a magnetic point of view and the associated

separation below g in two monoclinic phases, one of them change in the coercive field, we have carried out the follow-

is the high-temperature phas#{ phase if we adopt the ing experiment shown in Fig. 6. We cool down without ap-

terminology introduced in Ref. 2Gand the other one is the plied magnetic field down to 5 K. Then, we saturate the

low-temperature phaseV(2 phasg'??° As a consequence, magnetization by applying aegativemagnetic field of 5 T.

at 5 K the decrease of the magnetization in k2 phase of  Afterwards, we apply @ositivemagnetic field of 1 T and we

CaFeReQ below Tg would be compensated by the ex- record the magnetization as a function of temperature by

pected increase of magnetization due to thermal effects in thieeating. In the case of compounds such agsSa FeReQ,
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Ca FeReO which could make suspect a substantial grain size change.
2 6 Secondly, the large value of the attained saturation magneti-
zation (very close to the maximum valueloes not support
the presence of many defects. As a consequence, the large
coercivity must be attributed to a large intrinsic anisotropy of
the FeRe compounds. A large intrinsic magnetic anisotropy
can take place with an orbital anisotropic electron charge
density(which couples to the lattice via crystal-field effécts
and a spin-orbit interaction that couples the orbital and spin
magnetic moment&: This mechanism requires a substantial
[ J spin-orbit coupling. In order to accomplish this mechanism,
7.68 [ 1 80.95 we suggest the existence of an unquenched orbital magnetic
i ] moment on the Re ion because it seems unrealistic that the
Fe ions could bear a relevant orbital magnetic moment in
i ] these compounds. In that sense we can mention that the iso-
767 | - 89.85 structural compound G&eMoQ; does not show magnetic
I properties analogous to those of EaReQ.'® Moreover,
Mossbauer experiments discard orbital effects of Fe in
Ca,FeReQ.?’ Our results points to an increasing Re orbital
moment as the cation size diminishes, which can be checked
w85 | * ] with x-ray magnetic circular dichroism measurements. The
: b huge increase in the coercivity belolig occurring inAA’
R =CasSr, CasSrys, and Ca can be connected with an en-
28 emeg®® 3 hanced orbital moment of tHd 2 phase, which would make
. . e e the magnetic anisotropy increase accordingly, or to an orbital
100 150 200 250 300 ordering of the ® electrons in the Re ions as proposed by
T (K) Oikawaet al?!
Low-temperature x-ray diffraction measurements have
en carried out on GReReQ in order to further investi-
gate the proposed magnetoelastic coupling. In Fig. 7 the ther-
mal dependence of the individual lattice parameters,ghe
which does not undergo the structural/magnetic transition, angle of the monoclinic unit cell, and the volume are shown.
smooth thermal dependence of the magnetization is observeégefore going into the structural details, we must recall that at
as expected from smooth variations of the “intrinsic” mag- Tg the easy magnetization axis changes fromabglane to
netization and the coercive field. However, in the compoundsheb axis?® Our x-ray diffraction measurements indicate that
with smaller cation sizeAA’=CaSr, CaSI,5, and Ca), large changes in the structural parameters occart5 K,
strong variations of the recorded magnetization as a functiowhich approximately coincides witfis~110 K determined
of temperature are observed connected to the approachifigpm magnetic measurements in this sample. We notice that
Ts. The reason for the large variations in the recorded magat Tg the b axis shrinks whereas the and ¢ axis expand.
netization is not the variation in the “intrinsic” magnetiza- Also, the 8 angle decreases reflecting a larger monoclinic
tion, which exists but is small, but the large change in coerdistortion and the volume contracts. Again, a clear magneto-
civity occurring belowTs. OnceTg is overcome, a smooth elastic effect is deduced. The fact of changing the easy mag-
variation in the recorded magnetization is again measuredietization axis to thé axis provokes a shrink of this axis
By taking the derivative of these curves versus temperaturggnd the expansion of the perpendicular axis. The magneto-
we can definel g as the maximum of the derivative, which is elastic coupling occurring afs mimics the magnetoelastic
shown in Fig. 6. coupling atT¢, which had also shown expansion of the axis
A striking difference between the serieBA’),FeReQ  perpendicular to the easy magnetization axis.
and (AA’),FeMoQ; is the value of the coercive field. Inthe  The main magnetotransport properties of the studied com-
case of polycrystalline FeMo compounds, the coercive fieljpounds are shown in Figs. 8—-10. We do not observe any
is small (some tens of Og"'® as expected in ferromagnets correlation between the absolute value of the room-
with small anisotropy. In the case of polycrystalline FeRetemperature resistivity and the cation size. It typically varies
compounds, the coercive field is very large. For the softebetween 0.05 and © cm. However, a clear correlation be-
compound, BgFeReQ, itis ~1500 Oe &5 K and increases tween the cation size and the thermal dependence of resistiv-
for the compounds with smaller cation size. This large coerity is shown in Fig. 8. For the compounds with large cation
civity brings about large remanent magnetization values asize (AA’=Ba, to Sr,) the resistance is slightly temperature
well. A substantially different microstructure in the FeRe dependent, at most a factor of 2 between low and room tem-
compounds or the presence of plenty of defects cannot bperature. This is a typical behavior of polycrystalline metal-
invoked in order to explain the high coercivity. First, x-ray lic double perovskites like that of the samples belonging to
diffraction measurements do not detect any peak broadeningpAA’) ,FeMoQ; seriest However, with further decrease of
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FIG. 7. Change in the cell parameters and volume as a functiorg)e
of temperature in G&eReQ. Substantial variations are observed
atTs.
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FIG. 8. Thermal dependence of the normalized resistivity for _ i =
selected compound&he resistivity has been normalized by the 8 6 [ ,102
value at 250 K for the sake of clarjtyDepending on the compound, X i R
the absolute value of resistivity at room temperature is typically g 4 | 8
between 0.05 and @ cm (without any clear dependence as a func- 13 L o
tion of the cation size 2 [ 12 X
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the cation size, a semlconduct!ng tendency is developed. Fo 0 50 100 150 200 250 3000
example, CsFeReQ shows resistance at low temperatures a T(K)
factor of 1¢ higher than at room temperature. Abrupt resis-
tance changes afg are not observedonly a very small FIG. 10. (a) Magnetoresistance of ¢&5r, FeReQ at 75 and

change of slopeand the semiconducting behavior remains in135 K. (b) For the same compound, thermal dependence of the
the whole temperature range. This means that bbihand  magnetoresistance and of the field(,) where the magnetoresis-
M2 phases share this semiconducting behavior even thougance peaks in the magnetoresistance isotherms.

M2 seems to be slightly more insulating. Wu has proposed

that the loss of the metallic character in,€aReQ can be

Ba,FeReO, related to the decrease in the (bg—Rety,) pdd-7 elec-
A S R i I tronic transfer due to deviations of the Fe-O-Re angle off
> ] 180° in the monoclinic structure of this compouHd.
14 Now we will focus on the impact of the magnetic proper-

ties on the magnetoresistan@dR) in this series of com-
pounds. MR is defined as MR(%)100X[p(H)
] —p(Hpeal 1/p(H), whereH 5 stands for the field at which
1 the maximump is reached. One of the most remarkable
properties of polycrystalline double perovskites was the dis-
covery of a large MRRef. 1) which is usually explained by
the “intergrain magnetotunnelling” effeé® This mechanism
is based on the fact that the grain boundary resistance can be
- modulated by an applied magnetic field if the conduction
115 between grains proceeds via spin-dependent tunneling,
] which leads in some cases to a large MR. This occurs be-
cause at around zero fieldhore precisely, at the coercive
field) the magnetization of neighboring grains is pointing
randomly, which is a higher resistance state than having par-
allel magnetization between grains above the saturation field.
A high spin polarization at the Fermi level is required to
] obtain large MR, as is the case in double perovsKitesFig.
e S 9 we show the typical MR effects that we observed in the
0 50 100 1'I§(0K) 200 250 300 compounds with large cation siZas an example, we show
the results of BgFeReQ). Typical butterflylike shape is ob-
FIG. 9. (8) Magnetoresistance and magnetization ofsReqQ  Served for the MR curves at fixed temperatutigexis found
at 10 K. (b) For the same compound, thermal dependence of théo be different to the coercive field) measured in mag-
magnetoresistance and of the field,(,) where the magnetoresis- netization, but remains not too far. For the sake of compari-
tance peaks in the magnetoresistance isotherms. son, the magnetization loop at the same temperature is

-
o
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shown. However, we would like to remark that we alwaysCag, S, 5,Ca). Anomalous behavior of the lattice param-
observeH ;5 values higher than the correspondifg . As  eters occur for the compounds with smaller cation size
an example, in the case of B&eReQ at 10 K we find  (AA’=CaSr,CasSr s, Ca), which is ascribed to a steric
Hpea=2.32 KOe andHc=1.51KOe. For intergrain MR, effect. This huge lattice effect combined with an unquenched

the relevant magnetization is that of the grain boundary. OUuRe orpital moment is probably responsible for the outstand-

finding indicates that the grain boundary of these double Pelihg magnetic properties of these compounds. X-ray magnetic

ovskites is magnetically harder than the bulk. One pOSSibl%ircular dichroism(XMCD) measurements would shed light

reason for this effect is that the grain surface contains MOr& . Low the Re orbital moment evolves as a function of the
density of defects than the bulk. Another possible reason Ration size in this serie§.c increases with decreasing cation

that the loss of the symmetry at the grain surface inducegize in the cubic compounds as expected in the ferromagnetic
some electronic changes or magnetic surface anisotropy. A P P 9

shown in Fig. 9H yc.cdecreases smoothly with temperature,Eiaom?le'emhange mechanism due to the increase of the elec-
(mimicking the behavior ofi¢) and vanishes af. At 10 ronic b_are bandwidth owing to the diminution of th_e Fe/

K the MR ratio at 15 KOe is 15% and decreases monotoniR€-C distance. However, an unexpected remarkable increase
cally with temperature disappearing aroufd. Similar be- of T¢ occurs in the tetragonal/monoclinic compounds which
havior of H e, and MR is obtained for the rest of the com- cannot be explained by the same mechanism because the
pounds with large cation size. The MR ratios are quite high"&-O-Re angle deviates from 180°. This will disturb the
due to the high spin polarization at the Fermi level but the(Fet2g— Retyg)pdd-m coupling. Instead, this departure from
large coercive field of these compounds avoids the concert80° can allow the (F&— Reeg)pdd-o coupling, which has
tration of the MR effect at low fields. As a consequence, onéeen invoked by Wu in GkeReQ as a source of increasing
would need higher magnetic fields in order to get the maxithe ferromagnetic coupliny.

mum feasible MR ratios. In contrast, in thAA") ,FeMoQy Magnetization measurements & K indicate that the
compounds the low values of the coercive field allows ob-saturation magnetization is close tug/f.u. for the com-
taining much larger MR ratios at low fieff03! pounds with large cation sizeA@Q’' =Ba,,Ba, sSiy 5, BasSr,

As concerns the samples with small cation size, the MRBgy 551, 5,Sh,Ca 5561 5), Which is compatible with the fer-
properties as a function of temperature are different due toimagnetic coupling of the Fe and Re sublattices and both
the structural/magnetic transition @;. We illustrate this  electronic configurations Fé-Re™® and F€2-Re*®. NMR
behavior with the results of GaSr, FeReQ (Tg~90K), and Massbauer experiments are also consistent with these
which are shown in Fig. 10. Our magnetic measurementglectronic configurations. The coercive field is in all cases
have shown that the coercive field increases substantially d&rge (much larger than iMA’ FeMoQ; double perovskites
Ts. This has a strong impact dth,.,cas can be seen in Fig. in the KOe range. This is thought to arise from a large mag-
9 and, as a consequence, on the MR lo6pe show the netic anisotropy due to an unquenched Re orbital moment
loops at 75 and 135 K, i.e., above and beldw. Below Tg  together with crystal-field interaction and spin-orbit cou-
the maximum available field in our measuremeits KOg pling. In the compounds with small cation sizeAA’
is not able to overcome the saturation field of the sample=CaSr, CasSry 5, and Ca) the magnetic behavior is more
This implies that, when doing the MR measurements up t@omplicate, especially due to a magnetic/structural transition
15 KOe, only minor loops are being carried out. This is theoccurring atTg below 150 K. The following picture could
reason why the butterfly-shaped MR loop at 75 K is asym-explain the unconventional behavior of these small cation
metric. The huge increase My, aroundTs is also detri-  size compounds. In these compounds two different phases of
mental for the MR ratios. As shown in Fig. 10, whel.,,  similar energyM1 andM2, are competing to be the ground
starts to increase in the vicinity dfg, the MR at 15 KOe state.M1 is predominant abov&g and M2 below Tg but
shows a maximum and then decreases. However, it is aldooth phases can coexist in a wide temperature range as has
true that the spin polarization of the low-temperature phase ibeen demonstrated in ¢geRe@Q by means of neutron
unknown and could be different to that of the high- diffraction!??° Both phases have different magnetic and
temperature phase. This could be another source for thelectronic properties. Concerning the magnetic properties,
diminution of the MR belowTs. M1 is a collinear ferrimagngRe magnetic moment antipar-
allel to the Fe magnetic momenwith saturation magnetiza-
tion of 3ug/f.u. and the easy magnetization axis lies in the
ac plane.M2 shows a ferrimagnetic ordering with an anti-

The structural, magnetic, and transport properties of thderromagnetic canting and the magnetization under 5 T is
(AA"),FeReQ (AA’'=Ba,,Ba sSIy5,BaSr,BgsSr s, Sh, lower than Jug/f.u. The easy magnetization axis bf2 is
Ca 5Sn 5,CaSr,CasSry5,Ca) double perovskites have parallel to theb axis. By inspection of the individual behav-
been studied in detail, which has allowed us to establislior of the lattice parameters as a function of the cation size
remarkable correlations between all these properties. In thisnd temperature, we propose a strong magnetoelastic cou-
series, the cation size plays a crucial role in the observegling in bothM1 andM2 phases, which is a consequence of
behavior. The compounds with large cation siz&A( an unquenched Re orbital momeh.1 shows a large coer-
=Ba,, Ba Srs, BaSr, BasSrg are cubic but with cive field (as in the compounds with large cation giznéich
further cation size decrease the compounds become tetragis-attributed to a large magnetic anisotropy produced by the
nal (AA’=Sr) and monoclinic AA’'=CaSr, 5,CaSr, Re orbital moment. IlM2 the coercive field is hugeup to

IV. DISCUSSION AND CONCLUSIONS
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one order of magnitude larger thanlihl) which can imply In conclusion, these results clarify the role played by the
that the Re orbital moment is largerih2 than inM 1. If this  cation size in the structural, magnetic and magnetotransport
is true, one would expect to detect electronic changdsat  properties ofAA’ FeReQ double perovskites. An additional
whenM2 becomes predominant in the sample. This assumpferromagnetic mechanism to the usual tF5e- Retyg)pdd-7
tion is supported by Mssbauer experiments that indicate atcoupling must be invoked in order to explain the high
Ts a change of the electronic state of Fe fromi B&towards  observed in the compounds with small cation size. An un-
Fe"? in CaFeReQ (Ref. 27 and by optical conductivity quenched Re orbital moment seems to be responsible for the
measurements that detect the opening of a gap at the Ferairge coercive fields found in these compounds. The struc-
level at Tg for this compound. Again, XMCD experiments tural and magnetic behavior of the compounds with small
could further investigate the change in the orbital moment atation size AA'=CaSr, CasSfhs, and Ca) suggests a
Ts. Low-temperature x-ray diffraction measurements instrong magnetoelastic coupling. Two different phasksl (
CaFeReQ allow the detection of strong anomalies in the and M2) with different magnetic properties compete in the
lattice parameters associated to Md— M2 transition oc- latter compounds and a simultaneous structural/magnetic
curring atTs. Granadoet al. have found that the magnetic transition between these phases occurfsatLarge magne-
field influences the relative amount of tid1 and M2 tostrictive effects with applied magnetic field are anticipated
phaseg’ As we have found different magnetoelastic cou-due to the large magnetoelastic coupling and the competition
pling in the M1 and M2 phases, one can anticipate largebetween theM1 andM2 phases. Once an unquenched Re
magnetostrictive effects by application of magnetic field. Inorbital moment has been established, one open question is
fact, preliminary measurements in our EaReQ sample Wwhether some type of orbital ordering exists in these com-
indicate large magnetostriction at 12 T, in the range ofpounds. At this stage, one cannot draw definitive conclusions
0.1%32 and further experiments with specific techniqesay reso-
Transport measurements show a trend towards insulatingant scatteringshould be tried.
behavior as the cation size diminishes. Magnetoresistance
experiments in our polycrystalline samples show large inte-
grain MR persisting up t@ .. The effect is burdened by the
large coercive fields. In the MR isotherms, the resistance has Financial support by the European Commission through
a maximum at a fieldH ,eo, Which is always larger than the the European Projects AMORE and SCOOTMO and by the
Hc observed in magnetization measurements. In the comSpanish Ministry of Science and Technolo¢@rant Nos.
pounds with small cation size the MR decreases belgw MAT2002-04657 and MAT2002-01221, including FEDER
due to the huge coercivity of the low-temperature phase. funding is acknowledged.
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