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Structural and electronic properties have been investigated for a series of Re-based ordered double perovs-
kites, A,MReQ; (A=Sr,Ca;M =Mg,Sc,Cr,Mn,Fe,Co,Ni,Zn which contain some prospective candidates of
the high-temperature half-metals for future spin-electronic use. Neutron diffraction measurements have re-
vealed the variation of the Re-O bond length with the change of its effective valence states depending on the
counterM ion, namely, R&"- or Re*-based insulating states, or otherwise mixed-valent met@fibarely
Mott-insulating states. Magnetotransport and specific heat studies have clarified metal-insulator phenomena
for M=Cr and Fe compounds with the changefosite as well as the intergrain tunneling magnetoresistance
characteristic of the ceramics of half-metal oxides.
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I. INTRODUCTION They synthesized a variety of Re-based compounds in poly-
crystalline form as well as single-crystals of B&ReQ;

In ordered double perovskit@DP) structure denoted as (M =Mn,Fe,Co,Ni,Mg,Y hydrothermally, and reported their
A,B’B"0Oq (A being an alkaline-earth or rare-earthipthe  structural and magnetic properties. They have also reported a
transition-metal sitegperovskiteB sites are occupied alter- ferromagnetic metallic nature fvl =Fe and ferromagnetic
nately by different cationB’ andB” as schematically shown insulating nature foM=Mn and Ni. As for the magnetic
in Fig. 1. Among them, SFeMoQ; (Ref. 1) and SsFeReQ pr(_)pertit-;-s of other Re-.based ODPs, Khattélal. revealed a
(Refs. 2,3 have been known as prospective magnetoelecSPin helical structure in B&oReQ by a powder neutron
tronic compounds, which show tunneling type magnetoresisdiffraction stuc_l;f.‘ Sr,CaReQ has been reported as tig
tance at room temperature in polycrystalline form. These fea= 1/+2 %eometrlcal spin frustration system, where a localized
tures have been ascribed to their highly spin-polariged Re" t;, electron orS= 1/2 spin forms fcc lattice in the ODP
half-metallio nature and high-magnetic Curie temperature.StrUCt“reE? Concerning the transport characteristics, we have
In those metallic compounds, ¥e (3d°, S=5/2) spins are recently reported the bandwijth-congrc)(?lllmetal-msulator tran-
tied ferromagnetically via the coupling with the conduction sition for (Sr,Ca)MReQ; (M —Cr,Fe._ In partl_cular, we
electron mainly on M®" (or Re’") sites. Thus, the conduc- have found that 3CrReQ has the highest Curie tempera-
tion band is mainly composed of thel4or 5d) down-spin re (Tc) of 635 K among the perovskite-type oxide

. A materialst!
electrohns of M8 ¢ (or Re™). h . From the viewpoint of the prospective magnetoelectronic
In the case of SMMoO;, when a transition metdM)  \51erials, we have here systematically investigated the de-

prefers a divalent state such as Mn, Co, and Ni, Mo i0ngileq Jattice structures and electronic properties of Re-based
becomes nominally hexavalent or nonmagnetic bhibns  opp’g A,MReQ, (A=Ca,Sr; M=Mg,Sc,Cr,Mn,Fe,Co,Ni
couple with each other in a weakly antiferromagnetic man-zy,) \we have found almost all the compounds show insulat-
ner. This results in th&-type antiferromagnetic ground state jng properties except $FeReQ, SrCrReQ, and
with a relatively low N4e5el temperature<(34 K) except cgFeReQ. The metal-insulator phenomena in these Re-
SNiMoOg (Ty=80 K)."” In the case ofA,MReQ;, by  phased ODP’s are discussed in terms of the valence-dependent

contrast, a divalent magnetil ion and R8" (5d*, S electronic configuration of the transition-metal components.
=1/2) couple antiferromagnetically, and the compounds

show ferrimagnetic properties. Thus, it is anticipated that Re-
based ODP’s may show even a more variety of magnetic
properties than the Mo-based ones. Sleight and co-workers Polycrystalline samples of gMReQ; (M=Mg,Sc,
did the first systematic study on Re-based ODP’s in 1860s. Cr,Mn,Fe,Co,Ni,Zh and CaMReQ; (M =Cr,Mn,Fe,Co,

Il. EXPERIMENT
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andjth atoms is defined aS; = exp{(dy—d;;)/0.37.™ Here,
d;; is the bond length between tinth andjth atoms andl,
is the bond-valence parameter that has been empirically de-
termined for the-j pair!® They both are in units of A. The
effective valence of theth metal element is given by the
bond-valence sunV/;=%;S;; . For theM ions in the present
ODP’s that can be either divalent or trivalent, tBe values
were calculated for the both cases. For the Re ion, the bond-
valence parametat, that appeared in literaturel.86 A)'®
was found not to give the reasonabge. Therefore, we have
postulated the new parametgs=1.91 A, so as to be con-
sistent with the structural properties of,BigReQ; and
Sr,ScReQ, where the Re ions are obviously considered
hexavalent and pentavalent, respectively.

Bond-valence data shown in Table | indicate that Re ions
are hexavalent foM = Mn, Co, Ni, Zn(as well asM =Mg

FIG. 1. Schematic structure of the ordered double perovskiteby above definitionand pentavalent foM =Cr, and Fe(as
A,MReQ,. well asM =S¢). Moreover, it is to be noted that Re ions for
he metallic compounds (SrReQ, SnFeReQ,

aFeReQ) have relatively larger bond-valence sums than

scribed molar ratio and fired at 1173 K in evacuated siIicaiheré?lzléltatt;:;g;&iifﬁgsfegﬁa?uafg E,I??r%)hgﬁ“?ps?:gs
tubes. Then, the samples were regrounded, pelletized, angl Most of the Sr-based compounds have tetragonal syr.nme—

S!Pter?db at é3b7t3._1273 K :n Ar atmcl)sph(terg olr e\;]acuate_%i except some monoclinic compounds! €Sc, Mn, and
stica tubes. ained sampies Were aimost single phase wi ). In the latter compounds, relatively large ionic radii of

?: trﬁ(;;a of(mt;pu?gtg/;(less than 2% in fractionexcept  y,oqe jons (MA": 0.83A,SE": 0.74 A, and ZA™: 0.74 A)
%NIReG; (abou ) may produce the monoclinic distortion. All the Ca-based

Crystal structures were at first checked by powder x-rayComloounds have monoclinic symmetry due to the small

diffraction. The powder neutron diffraction measurementsloniC radii of C&* .

V\gerelatltsio catrrrlec: ?UI ?rt] rlocarir;l ten:(perar:ure ti(:i dr?terrr}lr?e c;j)nrce To see the trend of the tetragonal or monoclinic distortion,
;:se attice struc .udéas clu 530 ygen positions using iy, qq) volume, the monoclinic distortion as measured by
ractometers, Sirius and Vega® at the pulsed spallation |3—90°| (B being the monoclinic angleand the averaged
neutron facility, KENS, in High energy Accelerator Research,vl_o_Re bond angle in the ODP’s are plotted against the
Organization, Japan. Structural parameters, including th?olerance factott in Fig. 2. Here, the tolerance factoris
B-site (M _and Re ordering, were refined by the _Ri_et_veld defined ast—(r,+r )/\/.f(} it ). o anee e
method with the program miIETAN'ZOOHM.The resistivity re average ionz?c r::dii foh bB acFlc,i O ions a;e’:tspbe’ctively oTo
was measured on the sintered sample with a standard foua'lélculatet for Co2* ion aﬁ i(’)nic radius f’or 2 Co hi h
probe technique. The magnetization was measured with % : 9

commercial superconducting quantum interference devic%‘pin state was postulatéigure 2 also contains the data for

— : 9
magnetometer. The low-temperature specific heat below 2 ,CaReQ (M=Cg) reported by Wiebeet al.” Apparently,

K was measured by a relaxation method to evaluate the ele _eOSEbasedICO{nlpoun?s gg\éf Ia{rﬁ]er Cti” vglunl;es a(ljnd larger
tronic specific heat coefficieng. ~O-RE angles{close 1o ) than the Ca-based com-

pounds. For eaclA-site ion, the smallet-compounds have

larger cell volumes and smalléf-O-Re angles. The crystal

lll. RESULTS AND DISCUSSION lattice fort<<0.98 compounds is monoclinically distorted and
A. Crystal structures the distortion as measured hB—90°| increases with the

i i r f.
Structural properties as determined by powder neutror%ieC ease o

diffraction measurements at room temperature for various
ODP’s are summarized in Table I. We could not deduce the
accurate lattice parameters for SReQ; because of the The electronic and magnetic properties are summarized in
inferior quality of the specimen. All the perovskite com- Table Il for ODP’s, A,MReQ; (A=Sr,Ca; M=Mg,Sc,Cr,
pounds are almost fullyB-site ordered except SErReQ Mn,Fe,Co,Ni,Zn. Ferromagnetic properties were observed
and CaCrReQ (with the site ordering of 76.6% and 85.3%, for M=Cr, Mn, Fe, and Ni. C&CoReQ also shows a ferro-
respectively. SL,ZnReQ compound has two phases at room magnetic feature, yet the magnetizatidi-H) curve does
temperature, one is tetragonal and the other is monoclininot saturate up to an applied magnetic field of 5 T. On the
phase. contrary, antiferromangetic features were observed for
To investigate the valence statesBsite ions in ODP’s, Sr,ScReQ and SgCoReQ. SrMgReQ; and SgZnReQ
the bond-valence sum®/) were calculated from the Re-O also show antiferromagnetic properties, but théir-H
andM-O bond lengths. The bond-valen8g between théth  curves exhibit a tiny hysteresis around zero field. It is worth

Ni) were synthesized by solid-state reaction. The mixture o
SrO, Ca0, MQ, Re0,, and Re were weighted to a pre-

B. Electronic and magnetic properties
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TABLE I. Lattice structural properties of ordered double perovskitedl ReQ, (A=Sr, Ca:M =Mg, Sc, Cr, Mn, Fe, Co, Ni, Znat room temperature. Here, b, andc (a/+2
~bl\2~cl2= a,, &, being the cubic perovskite lattice constaate the lattice constants in tetragonal or monoclinic form in the unit of A, puglthe monoclinic angle in the unit
of degree. Cell volume anB-site order are in the unit of Aand %, respectively. ReiCand M-Oi are the bond length between ReMratom andith oxygen in the unit of A, and
M-Oi-Re is the bend angle in the unit of degr&g.is bond-valence between thth andjth atoms as defined &; =exp{(dy—d;)/0.37. Here,d;; is the bond length between tia
andjth atoms andl, is the bond-valence parameter in unit of Y. is the bond-valence sum calculated\§s- 2,5, indicating the effective valence of théh metal element.

A Sr Sr Sr Sr Sr Sr Sr Sr Sr Ca Ca Ca Ca
M Mg Sc Cr Mn Fe Co Ni Zn Zn Cr Mn Fe Co
Rwp (%) 5.43 4.62 2.78 4.48 4.77 5.85 5.92 4.80 4.80 4.96 4.81 4.73 5.70
RI (%) 2.36 1.79 2.01 2.33 1.70 2.46 1.65 2.44 2.92 1.54 1.73 5.49 1.82
S(=Rwp/Re 2.06 1.89 3.29 1.81 1.90 1.35 1.22 1.84 1.84 1.89 1.83 1.35 1.15
85% 15%
Symmetry 14/m P21/n 14/m P21/n 14/m 14/m 14/m 14/m P21/n P21/n P21/n P21/n P21/n
a (A 5.566375) 5.675023) 5.527184) 5.668785) 5.561294) 5.565913) 5.546539) 5.577973) 5.6311215) 5.388638) 5.446513) 5.400785) 5.4026610)
b (A) 5.652833) 5.645735) 5.5966313) 5.460397) 5.639973) 5.5252%5) 5.573479)
cA) 7.932837) 7.986863) 7.8091211) 7.990437) 7.90087) 7.950839) 7.9190114) 8.006845) 7.9089620) 7.6598411) 7.776574) 7.683%7) 7.6860712)
B (deg 90.027917) 89.93377) 90.06%3) 89.9625) 90.177%5) 90.069%9) 89.794917)
Cell volume (A%) 245.8 256.2 238.6 255.7 244.4 246.3 243.6 249.1 249.3 225.4 238.9 229.3 231.4
B-site order(%) 100 100 76.7 100 100 100 100 100 100 86.3 100 100 100
M-01 (A) 2.041216) 2.03714) 1.9563) 2.141518) 1.9857) 2.052916) 2.0313) 2.071415 2.06111) 1.9664) 2.171512) 2.0252) 2.0912)
M-02 (A) 2.0384) 2.137@19) 2.09211) 1.9734) 2.141614) 2.0253) 2.0962)
M-03 (A) 2.046819) 2.0804) 1.9566) 2.132824) 2.0047) 2.0642) 2.0295) 2.08518) 2.08113) 1.9566) 2.134313) 2.0123) 2.0643)
Re-O1(A) 1.912815 1.99Q04) 1.9533) 1.909418) 1.9617) 1.911216) 1.9183) 1.909Z15 1.93211) 1.9694) 1.912513) 1.9593) 1.92Q02)
Re-02(A) 1.9994) 1.910320) 1.90511) 1.9724) 1.920713) 1.9542) 1.9212)
Re-O3(A) 1.919619 1.9454) 1.9496) 1.909824) 1.9467) 1.9142) 1.9315) 1.918418 1.90613) 1.9676) 1.912G13) 1.94Q3) 1.9083)
M-O1-Re(deg 169.085) 167.94) 179.118) 161.8413) 170.225) 166.287) 166.696) 164.445) 167.611) 154.33) 147.387) 151.7314) 150.7214)
M-0O2-Re(deg 166.04) 162.4813) 166.7111) 153.13) 149.578) 152.2414) 150.0615)
M-03-Re(deg 180.0 165.48) 180.0 162.4010) 180.0 180.0 180.0 180.0 1654 155.0110) 147.827) 152.945) 150.6811)
Bond-valence
Red, (A) 1.91 1.91 1.91 1.91 1.91 1.91 1.91 1.91 1.91 1.91 1.91 1.91 1.91
S;j 0.99 0.81 0.89 1.00 0.87 1.00 0.98 1.00 0.94 0.85 0.99 0.88 0.97
0.79 1.00 1.01 0.85 0.97 0.89 0.97
0.97 0.91 0.90 1.00 0.91 0.99 0.94 0.98 1.01 0.86 0.99 0.92 1.01
V, 5.92 5.00 5.36 6.00 5.30 5.97 5.80 5.96 5.93 5.11 5.92 5.37 5.90
M3* dg (A) 1.849 1.708 1.732 1.713 1.637 1.750 1.708 1.732 1.713 1.637
S; 0.60 0.51 0.33 0.48 0.32 0.47 0.50 0.30 0.43 0.29
0.60 0.51 0.33 0.48 0.32 0.47 0.49 0.33 0.43 0.29
0.54 0.51 0.34 0.46 0.32 0.47 0.51 0.34 0.45 0.32
Vi 3.47 3.07 2.01 2.83 1.93 2.81 3.00 1.95 2.61 1.80
M2* dg (A) 1.693 1.730 1.765 1.751 1.685 1.670 1.704 1.704 1.730 1.765 1.765 1.685
Sjj 0.39 0.54 0.36 0.53 0.37 0.38 0.37 0.38 0.53 0.33 0.50 0.33
0.37 0.35 0.52 0.36 0.50 0.33
0.38 0.54 0.37 0.50 0.36 0.38 0.36 0.36 0.54 0.37 0.51 0.36
V, 2.33 3.26 2.19 3.13 2.20 2.27 2.20 2.18 3.18 2.13 3.01 2.04
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A:MReOgq TABLE II. Magnetic, thermal, and electric properties of ordered
180 — T - T - T T &= double perovskitesA,MReQ; (A=Sr,Ca; M=Mg,Sc,Cr,Mn,Fe,
® A=Sr ./,," ] Co,Ni,Zn). F and AF represents ferromagnetism and antiferromag-
—~ 170F © A=Ca ’}” ® . netism, respectivelyM, M,, andH. represent magnetization at
P e 4 an applied magnetic field of 5 T, spontaneous magnetization, and
2 160 /,—/.’ i coercive force, respectively, and are measured at 4Pkand Ty
% _________ O stand for ferromagnetic and antiferromagnetic transition tempera-
5 150 ___——".' O O | ture, respectively:)./ indicate T-linear component of the .Iow-
© -0 temperature specific heat. M and | represents metal and insulator,
g 140 i L | . | | . | respectively.
1 I v 1 ! I 1 v 1
i \\'\ monodlinic | tetragonal Magnetic properties Specific heat Resistivity
9 0.2F T O - [ — S Ms M, H¢ Tc/Ty Y P300 K
S o A M ue wps T K mdK2mol Qcm
S 0.1 { sr mg AF 0.0005 0.2 320 0 | 1000
iy ﬁ\o o Sr Sc AF 0 0 75 1 | 1000
o >-o-o00 Sr Cr F 086 03 17 635 1M1 M 0.02
- [-le ' ' ]l srmn F 28 22 19 120 11 | 200
o 270F \‘\\ . Sr Fe F 26 16 0.2 400 81 M 0.01
E Leol f . 1 sr co AF 0O 0 65 0 | 5
) | M=Ca ‘5\\ ® ] Sr Ni F 1 08 03 18 0 I 2000
; 250 | M=Mn 9. Mg Fe - Sr Zn AF 005 19 20 52 I 1000
4 540 e ° Co ﬁg\._ ga Cr F 08 043 31 360 81 I 034
[ O Co <] aMn F 09 05 4 110 0 I 100
230F ™ ol 8 o ]l caFe F 22 16 08 525 41  MI 003
- O~ Ca Co F 06 026 0.7 130 41 I 1000
220 "5 67 096 0_'95“ ] Ca Ni F 02 01 28 140 0 | 1000

tolerance factor _ N _
metal-insulator transition around 150 K accompanying an

FIG. 2. Tolerance factor dependence of the cell volume, thenflection point of resistivity curvéindicated by a triangle in
monoclinic distortion as measured hy—90°| (B being the mono- Fig. 3, as reported previousk.

clinic angle, and the averagell-O-Re bond angles for the ordered The low-temperature specific hea€ for ODP’s
o e e i ANReQ, (A=S1Ca; M =N, S6CiMn Fe.CoNin i
cited f’rorlﬁ Ref. 9 'gu ' 2 QM= plotted asC/T versusT? in Fig. 4. Except for SINiReQ;,

T no clear magnetic transition was observed below 20 K in the

noting that the ferromagnetic impurities were scarcely ob-1 dependence dt of ODP's. Only for SgNiReG;, the broad

served in these compounds by the neutron diffraction med2€@k corresponding to the ferromagnetic transition was ob-
surements. It is reasonable to consider that they may ariseerved around 18 K and it disappeared “Qdef a magnetic field
from the spin canting of F¥& ions or spin-glass-like ground ©f © T- The Schottky componenG; (<1/T) caused by the

state due to the geometrical frustration. The latter may b&® nuclear moments are dominant velb K for some com-

responsible for the small but finite electronic specific heaPounds;  (Sr.CaFeReQ,  (Sr.CapMnReQ  and
coefficienty shown in Table II.
The resistivity(Fig. 3 and low-temperature specific-heat 1% opmes] pwre

measurementgFig. 4) confirmed a metallic nature of 105
Sr,FeReQ and SpCrReQ (vide infra see also Fig. 10
Figure 3 shows the temperature dependence of resistivity fo
ODP’s,A;MReQ;. ForM=Mg, Sc, Mn, Ni, and Zn, i.e., for £
the R&"-based compounds, the resistivity at room tempera-2
ture is in Klcm-range irrespective of thA-site ions. The
compounds withM=Co, Cr, and Fe or the nominally
Re*-based compounds show relatively low resistivity.
Among them, theéd=Sr compounds have better conductivity
than Ca-based ones. Temperature dependence of resistivi
shows that all the compounds show an insulating nature ex-
cept for SgFeReQ and SgCrReQ. The latter two com- FIG. 3. TemperaturéT) dependence of resistivityp] for the
pounds have been assigned to the half-metals at the groumtdered double perovskite&,MReQ; (A=Sr,Ca; M=Mg,Sc,
state?!! CaFeReQ undergoes a temperature-inducedCr,Mn,Fe,Co,Ni,Zi

AN

105}F
104} '
103}
102+
10+
10°h

Co|

107
102F

3
300 10 0

-3 L
100 100

100 200

T(K)

TK
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Eg 04 N‘E: 3 ; T ; T ; T -
AL £ R SrMReOs
‘54 03-52'
= 06 ;2 z 51 - Fe 7
E E
X o 5 02 1
0.1
0.2> 3 Cr |
! w
% fo0 200 300 400 % 760 @00 300 400 s |
T2 (K3 T2 (K? -
= | CayMReOs
FIG. 4. The low-temperature specific he& for ODP’s,
A,MReQ; (A=Sr,Ca; M=Mg,Sc,Cr,Mn,Fe,Co,Ni,Zn plotted as 2 —
C/T versusT?. Insets show magnification of the low-temperature Fe
region. Dashed lines are merely the guides to the eyes. i Mn ]
1 T—.——-""'_\ -1
Sr,ScReQ. The y-values of (Sr,CgFeReQ were evalu- c
ated from the extrapolatedC(- C)/T values at 0 K° For - Ni \ r 1
the other insulating and gErReQ, compounds, we confine — |
the arguments to the data above 3(Ref. 17 and theiry Oo 100 200 300 200

values are estimated from the extrapola®d values at 0 K
with and without a magnetic field 5 ¥, as shown in the

insets of Fig. 4 and Fig. 10. Table Il summarizes the esti- g5 5 TemperaturéT) dependence of magnetizatiéd) at an
mated y values. They values reveal the metallic ground applied magnetic field of 1 T for the ferromagnetic or ferrimagnetic
states for SIMReQ; (M =Fe,C) compounds and also the a,MReQ, (A=Sr,Ca;M =Cr,Mn,Fe,Nj.

metal-insulator transitions with the change Afsite to Ca.

The small but finitey values (3—5 mJ/Kmol) for the insu- . . . .
lating compounds of $MReQ, (M=Sc,zn and S€€N 1N Table II..The metal-insulator tra_1n5|t|on associated
CaMReQ, (M =Cr,Fe,Co may be ascribed to glass state of with _the systematic change @ has .been mve_s'ugated by a
spin or Rety, orbital and the associated subsisting entholopyPr€vious St“d% on the solid solution system,
as argued previoush:!* (Sr.CapFeReQ.

The temperature dependencies of magnetization are Figure 6 shows the inverse magnetizatidiM for the
shown in Fig. 5 for the ferromagnetic or ferrimagnetic antiferromagnetic ODP’sA,MReQ; (A=Sr,Ca; M=Mg,
ODP’s,A,MReQ; (A=Sr,Ca;M =Cr, Mn, Fe, and Niunder ~ Sc,Co,Zn. The results were obtained under a magnetic field
an applied magnetic field of 1 T. The saturation magnetizaof 1 T for M=Sc and Co, 0.1 T foM=2Zn, and 0.01 T for
tions for SpMnReQ; and SpNiReQ; were 2.8 and M=Mg. Since Mg*, S&*, and zZrt* are nonmagnetic,
1.0 ug/F.U., which are consistent with the values expecteconly R€™ (S=1/2) for M=Mg and Zn, or R&" (S=1) for
for the electronic configuration of MiA (or Ni?*) and M =Sc is relevant to the magnetism in these compounds. It is
Reé*. For CagMnReQ; and CaNiReQ;, the observed mag- to be noted that the Re sites form the fcc lattice in ODP
netizations at 1 T shown in Fig. 5 were quite low as com-structure. Therefore, in th&,MReQ; with nonmagnetidV
pared with the value calculated by postulating the antiferroion, the Re spinsS=1/2 for M=Mg and Zn andS=1 for
magnetic coupling between Mn (or Ni?*) and RE*. One M =Sc, may be subject to geometrical frustration. The frus-
of the reasons is the large coercive forces of these contration on the fcc lattice may cause rather complicated mag-
pounds(4.0 and 2.8 T, respectivelyAll these compounds netic behaviors for theskl =Mg, Sc, and Zn compounds as
show insulating nature and relatively lot (<150 K). described below.

On the contrary, SCrReQ and SgFeReQ with metallic SrL,ScReQ shows a Curie-Weiss-like behavior, although
nature have high magnetic., 635 and 400 K, respectively. the susceptibility shows a temperature hysteresis around
A large difference inlc between the metallic and insulating 30—80 K. The effective moment 1.Q8z/Re and Weiss
compounds arises perhaps from presence or absence of tteanperature= —450 K were obtained from the Curie-
gap around the Fermi level, which should affect the effectivéeiss behavior. As compared with high Weiss temperature,
exchange interaction betwe&hand Re spins. The saturation the observed magnetic transitiony= 75 K) is considerably
magnetizations for $S€rReQ and SyFeReQ were 0.86 low, indicating the long-range magnetic order may be sup-
and 2.6ug/F.U., respectively. These values are in accordpressed by the aforementioned geometrical frustration. The
with the electronic configuration of &t (or FE™) and hysteretic behavior arourifi, suggests the first-order nature
Re>*, which should show 1 and @g/F.U. in the simplest in the transition. This may arise from the concomitant occur-
ionic model. The corresponding Ca-based compounds hawence of the lattice structural transition that may lift the de-
the comparable saturation magnetization and high magnetigeneracy. The detailed structural variation aroung de-

Tc, although CaCrReQ shows an insulating nature, as serves to be studied.

T(K)
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AoMReQg (Sr;.,Ca,)2CoReOg
200 T T T T T T 1 T I T T
4.2K
’,?/,issrc 0.75
(x1/10) - v=1.0
0.5
: [
% o
Ca=50% 2 j \
_+ Ca=75% =

¥=0.0

s B
T 100
-1 ] . . . . . . . . ]
-5 0 5
HoH (T)
FIG. 7. Magnetization curves for (5r,Ca),CoReQ (y=0.0,
0.5, 0.75, and 1)0at 4.2 K.
=T y>0.75 is likely due to the conical spin structure that is
e A M:Mg - . . . .
/ - (x1/10) perhaps affected by the monoclinic distortion induced by in-
o I L s | s crement of Ca content.
0 100 200 300 400
T (K) C. Metal-insulator phenomena

FIG. 6. TemperaturdT) dependence of inverse magnetization
(H/M) for the antiferromagnetid,MReQ; (A=Sr,Ca; M =Mg,
Sc,Co,Zn. The applied magnetic field ig,gH=1 T except for
M=Mg (uoH=0.01T) and Zn foH=0.1T).

A schematic diagram of the electron configurations of
B-site ions is shown in Fig. 8 for ferrimagnetic ODP’s
A,MReQ; (M =Cr,Mn,Fe,N). On the basis of this scheme,
qualitative explanation may be given for metal-insulator phe-
nomena of ODP’s as follows: For £e (3d°) and CP*

On the other hand, gMgReQ; and SpZnReQ with S (3d®), the added electron will reside on thg, down-spin
=1/2 spins on the fcc lattice have a small but finite spontastate, which is also the case for Re(5d'). Therefore, the
neous magnetization, and the temperature dependence lobth t,, bands ofM=(Cr,Fg and Re can hybridize with
H/M curve shows a thermal hysteresis below 320 K foreach other, allowing the hopping of down-spin electron be-
Sr,MgReQ;. Its structure and magnetic properties were retween the R&" and Fé* (Cr*") sites or between the Ré
ported also by Wiebet al'® Below 20 K, SpZnReQ shows and Fé* (Cr’") sites. In other words, the down-spig,
an increased spontaneous magnetization and a large coerciwgbridized band locates around the Fermi en-
force (0.0ug and 1.9 T at 4.2 K, respectivglyindicating
that the long-range magnetic ordering sets in around thid
temperature. The origin of such a week ferromagnetism ig
left to be elucidated.

The magnetization curves for (Sr,Ca),CoReQ
(y=0.0,0.5,0.75,10 are  shown in Fig. 7.
(Sr,-yCa),CoReQ shows an antiferromagnetic feature for
y=0.0 and 0.5, while ferromagnetic fgr=1.0. At y=0.75,
the compound shows a complicated behavior. Neverthelesd
the magnetization increases almost linearly with increasing
the magnetic field for all the compounds. TREM vs T
curves for these compounds tend to show a change in slop
with increasing temperature as shown in Fig. 6. These fea
tures resemble those observed for,BaReQ@ with helical
spin order, in which Co and Re sublattice moments in a
given (001) plane are coupled antiparallel, and successive
planes undergo a rotation about 100This implies the oc-
currence of a similar helical spin order also in
(Sn-yCa),CoReQ. Since we observed no magnetic impu-  FIG. 8. Possible electron configurationsBsite ions for ferri-
rities  but magnetic reflection atd=7.68 A for y=1  magneticA,MReQ; (M=Cr,Mn,Fe,N). Thick arrows with and
(CaCoReQ) compound by the powder neutron diffraction without cross means the forbidden and allowed valence fluctuation,
measurement®, the ferromagnetic component observed forrespectively(see the text
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FIG. 9. MagnetizationM) and magnetoresistand®H)/R(0) ol— L . L . ) .
against applied magnetic fieldl at 4.2 K for metallic ordered 0 200 400 600 800
double perovskites $MReQ; (M =Cr,Fe. ResistanceR(H) was T (K)

normalized by the zero-field valug(0). FIG. 10. Temperaturél) dependence of magnetizatiod) at 1

T and resistivity p) for metallic ordered double perovskites:
ergy because of such a mixed-valence character, thus forn#z2MReQ; (M=Cr,Fe. Inset shows the low-temperature specific
ing a half-metallic conduction band. This intuitive explana-n€atC plotted asC/T versusT2. The open circles showsC(
tion is confirmed by the first-principles electronic calculation ~ Cs)/T VersusT® for SrFeRe@, where the Schottky termt
for SrZFeReQ.Z In Ca,FeReQ and CaCrReQ, however, caused by Re nuclear moments is subtracted.
the lattice distortion makes the one-electron bandwidth o
smaller than in their Sr analogs, placing the compounds close 'he temperaturgT) dependence of magnetizatidivi)
to the Mott transition, i.e., the electron-correlation induced@nd resistivity p) is shown in Fig. 10 for metallic
metal-insulator transition. In previous studi@d! we have StFeReQ@ and SsCrReQ. The inset shows tge low-
reported that CZCrReQ shows an insulating nature and that temperature specific-heef) plotted asC/T versusT<. The

CaFeReQ undergoes the metal-insulator transition atonset of the ferromagnetic magnetization is observed around
around 150 K. Tc=400 and 635 K for SiFeReQ and SgCrReQ;, respec-

On the contrary to the above case, the highest occupietively: With decreasing temperature beld, the magneti-
state for MR+ and N2* is the up-spire, state. To virtually zation arises gnd the resistivity tends to decrease perhaps due
excite theM3*-R&* state, the up-spie, electron onM 2+ to _the reduction of carrier scattering by f[h_ermally agitated
has to move to the down-spta, state on RE" Because of SPins. The electronic specm.cjheat coefficientestimated
zero mixing betweert,, and e, states on the neighboring from Iogv temperature specific heat was about _18 and
sites in ideal cubic perovskite, such a transfer process is a-Ll MJI/K'mol for SpFeReQ and SgCrReQ, respectively,
most forbidden in the ODP structure. Note that the electrofVhich also indicates a metallic nature of the both com-
configuration of MA*-Re" is nearly identical with that of Pounds.
the half-metallic F&"-Mo®" combinationt Nevertheless,
Mn?*-Reé’* shows an insulating nature perhaps because the
energy of the Mh*-Re’* state is too high to produce the
effective mixed-valence state. This small hybridization Lattice structures of a series of Re-containing ODP’s,
makes this compound insulatirjlylott insulatoyp. A,MReQ; (A=Sr,Ca;M =Mg,Sc,Cr,Mn,Fe,Co,Ni,Zn have

Figure 9 shows the magnetization and magnetoresistandeeen investigated by powder neutron diffraction measure-
(MR) plotted against the applied magnetic field for metallic ments. In terms of the bond-valence sum calculated from the
ODP’s SpMReQ, (M=Cr, Fe at 4.2 K in polycrystalline deduced Re-O bond lengths, the Re ion in the ODP is as-
form. MR was normalized by the resistance at 0 T, such asigned as essentially pentavalébt-) for M =Sc, Cr, and Fe
R(H)/R(0). Thenegative MR was observed, about 6% andand hexavalen{6+) for M=Mg, Mn, Co, Ni, and Zn. How-

3% for SpFeReQ and SyCrReQ, respectively. The resis- ever, the Re valence for thel =Cr and Fe compounds as
tance peaks were observed at 0.2 and 1.8 T fgF&ReQ  measured by the bond-valence sum method &3—+ 5.4,

and SsCrReQ, respectively, which will correspond to the indicating a mixed-valencgooth R€*/Reé™ and CF*/Cr?*

M =0 points (coercive forcesof the respective magnetiza- or Fe*/Fe€™) character. All theseM=Cr and Fe com-
tion curves. These results indicate that the observed MR ipounds are close to the metal-insulator boundary. In particu-
caused by the spin scattering at the grain boundaries of tHar, SLCrReQ and SgFeReQ are ferromagnetic metals,
polycrystalline compounds, i.e., the intergrain tunneling MR.perhaps half-metals at the ground state, with high magnetic

IV. CONCLUSION
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