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Metal-insulator transition of ferromagnetic ordered double perovskites: (Sr;_,Ca ),FeReQ
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Temperature- and composition-control metal-insulahd#l ) transitions have been investigated for ordered
double perovskites, ($r,Ca),FeReQ. CaFeReQ (y=1) shows the thermally induced M-I transition
associated with the lattice-structural transition around 150 K. The alloyed system undergoes the M-I transition
in the almost fully spin-polarized ground state around0.4 with minimal enhancement of the electronic
specific-heat coefficient but with a large energy-scalel ( eV) change of the optical conductivity spectrum.
These results indicate the importance of electron correlation, in particular the orbital correlationtgf Re
electrons, for the ferromagnetic M-I transition.
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I. INTRODUCTION nearly straight Fe-O-Mde) bond. It is well known for per-
ovskites of transition-metal oxid¥sthat such a bond-angle
In ordered double perovskites denoted/g8'B"O, (A  distortion reduces the effectivé-electron hopping(super-
being an alkaline-earth or rare-earth ipthe transition-metal transfej energy or the one-electron bandwidth via the re-
sites(perovskiteB siteg are occupied alternately by different duced hybridization between transition-medaind oxygerp
cationsB’ andB”. Among themA,FeM O, (A=Ca, Sr, Ba; States. In fact, the variation of the bond angle with the

M = Mo, Re) are known to form conducting ferromagnets, in change ofA-site ionic size occasionally causes drastic elec-
which Fé* (3d5,S=5/2) and M (4d*,S=1/2) [or RE* tronic changes! such as the bandwidth-control Mott transi-

tion and the colossal magnetoresistance. Thus, the lattice ef-
fect induced by Ca substitution as well as the change in
electronic configuration between Mo and Re appears to be
responsible for the metal-insulat@¥-1) phenomena in the

(5d?,5=1)] couple antiferromagnetically. Pioneering stud-
ies of these materials were done in the 19604viore lately,
it was shown by the first-principles band calculafidnhat

the conductio_n band ‘T”O“”d the Fermi energy BFsYlOQS family of the ordered double perovskites.
(SrzFeReQ) is occupied solely by the Mo 4d (Re*"5d) In this paper, we investigate magnetic, electronic, thermal,

tag down-spin electrons hybridized with the qje.3d 29 and structural properties for thesite solid solutions of or-
down-spin state, leading to a half-metall@ngle-spin char-  jered double perovskites, (StCa,),FeReQ, to reveal
acter. It has also been demonstrétédhat the polycrystal-  composition-controlled as well as thermally induced M-I
line ceramics of these oxides show a large, low-field magnegansitions. The M-I transition at the ground state may occur
toresistance even at room temperature that can be ascribed\i the change of the bandwidth, while keeping the full spin
the tunneling-type magnetoresistance occurring at the graipolarization of the conduction electrons; that is, from a half-
boundaries. The phenomena must reflect the high-spin polametal to a ferromagneti¢or ferrimagneti¢ insulator with
ization of conduction electrons characteristic of the half-full moment, where the orbital degree of freedom should
metal as well as the inherently high magnetic transition templay an important role in the M-I transition as the only rel-
perature T) in the range of 400—450 k? Thus, the family  evant degree of freedoM.This class of the M-I transition is
of half-metallic double perovskites has been attractingntriguing, though, to our best knowledge, it has never been
growing interest also in light of potential spin-electronic ma-investigated in detail, also from the viewpoint of spin-
terials. electronic functionality.

Among this family, BaFeReQ, BaFeMoQ;,’ and
CaFeMoQ; (Ref. 8 show ferromagnetic and metallic char-
acteristics as do gFeMoQ; and SyFeReQ. On the other
hand, CaFeReQ is rather unique: it has been known to be a  Polycrystalline samples of (gr,Ca),FeReQ (0<y
ferromagnetic but also an insulating oxide with very high<1) were prepared by solid-state reaction. The mixture of
T.=538 K? The crystal symmetry is known as SrO, CaO, F§O;, Re,0;, and Re was weighted to a pre-
monoclinic’® which does not differ from that of metallic scribed molar ratio and fired at 1173 Krf8 h in evacuated
Ca,FeMoQ;.2 The Fe-O-Mo and Fe-O-Re angles in thosesealed silica tubes. Then, the samples were pelletized, and
Ca-based compounds with a relatively small tolerance factosintered at 1373 K fo3 h in evacuated sealed silica tubes.
are also comparable, about 152° and 156°, respecfiV@ly, The composition of synthesized polycrystals was confirmed
although the respective angles are appreciably smaller thaon be stoichiometric (Sr:Ca:Fe:R&—2y:2y:1:1) by in-
in the Sr-based analogs,,6eMoQ; and SyFeReQ, with a  duction coupled plasma spectroscopy analysis. The crystal
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FIG. 1. They dependence ofa) lattice constants(b) mag- Figure 2 shows thd@ dependence of resistivitypj for
netlz.at.lon (M) at a field of 5 T,(c) the.electronlc sp.e(:lflc-heat (Srl,yCay)zFeReQ. While p is about 102 Q cm at room
coefficient y, and (d) the electrqmc phase diagram  of temperature for all the samples, the Ca contghaffects the
(S1i-C3)),FeReQ. PM, FM, and FI in(c) stands for paramag- 1 jenendence of dramatically. Fory<0.3 the compounds
netic ”.‘eta:' ferromagnetic Imetal’l.zn? ferronggedﬁfe(;“?ag' show a metallic or semimetallic behavior down to the lowest
nme;rzl 'nSuL: daégrt,ortehsepgcg\;e y. Solid lines and dashed lines aretemperature. Foy=0.4, p increases with decreasing tem-

¥d yes. perature below 150 K. The variation of tiiedependence of

p with y is more clearly discerned in(log;g)/d(1/T)-T

structure was checked by powder x-ray diffraction. The cryscurves as shown in the inset to Fig. 2. Fe£0.3 the curves
tal symmetry at room temperature was tetragdd@nmm  show no anomaly, but foy=0.4 they have peaks at 100—
(y<0.5) and orthorhombid®mn®2 (y>0.5). Figure 1a) 150 K, indicating an electronic change around this peak tem-
shows the lattice constants of ¢(SyCa),FeReQ. At 0.3  perature T*).
<y<0.5, the length of,//2 is almost the same as that of ~ Figure Xd) shows the electronic phase diagram of
a,, indicating nearly cubic symmetry. The Rietveld refine- (Sh-yC3a).FeReQ. Although dp/dT<0, we assigned the
ment also indicated that the degree of ordering of Fe and RBIgh-T phase abov@™ as metallic, based on the relatively
on theB sites was more than 95% in all the samples. As forhigh conductivity as well as the spectral shaper¢b) that
the end y=1) compound CgFeReQ, neutron powder- IS Not gappedsee below. The observed . increases mono-

diffraction data were also collected at various temperaturetonically from 400 K to 525 K with increasing. At room
to obtain the precise structural properti@s. temperature, all the samples are in a ferromagnetic metallic

Magnetization was measured with a commercial superState, while the ferromagnetic insulating state emerges for

conducting quantum interference device magnetometer. Th¢=0.4 below 150 K. The M-I transition temperature is ten-
ac susceptibility up to 550 K was also measured to evaluattalively defined as the peak temperature of the
the ferromagnetic transition temperatufg by a resistance d(109100)/d(1/T)-T curve that coincides with the structural
bridge. Resistivity was measured with a standard dc fourtransition temperature in the caseyof 1, as shown later. At
probe technique. The specific heat was measured by the réhe compositional phase boundary around 0.4 between
laxation method down to 0.5 K. We measured reflectivitythe ferromagnetic metallic and the ferromagnetic insulating
spectrd R(w)] for (Sr,_,Ca,),FeReQ. R(w) spectra were phases, the_ coercive force at low temperatures in.creas.es and
measured using a Fourier-transform-type interferometer fofhe saturation magnetization decreases, also implying a
0.01-0.8 eV and a grating-type monochromator for 0.6—3@&hange in the electronic state. However, the ground-state
eV. For the measurement above 5 eV, we made use of syfdagnetization is 2.0-28/f.u., indicating the almost full
chrotron radiation at the Ultraviolet Synchrotron Orbital Ra-SPin polarization or moment irrespective pft the ground
diation Facility, Institute for Molecular Science. The tem- state[Fig. 1(b)].
perature(T) dependence of the spectra was measured from

0.01 to 3.0 eV and extrapolated by the room-temperature

data above 3 eV. The optical conductivity spedtte(w)] The low-temperature specific hed€C) was measured
were obtained by a Kramers-Kronig analysisR{fw). to evaluate the electronic specific-heat coefficignd.

B. Specific heat
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FIG. 3. The low-temperature specific heat of
(Sr-yCaq),FeReQ (0sy=1) plotted as C—Cy)/T versusT2,
Here, C; stands for the Schottky component caused by the Re F|G. 4. Optical conductivity spectra of (Sr,Ca),FeReQ at

nuclear moments. The inset shows the raw data of specific heafarious temperatured0—300 K for y=0.0, 0.75, and 1.0.
plotted asC/T versusT?. Dashed lines are merely guides to the

eyes. of the optical conductivity spectrumm(w) have been inves-

Figure 3 shows the low-temperature specific heat oﬂgated' Figure 4 shows the dependence ob(w) for y .
(St_,Ca),FeReQ plotted as C—CJ)/T versus T2. As =0, 0.75, and 1. The spectra are not gapped and contain
shown in the inset, the Schottky componers)(caused by Drude gompgnlentj belowlo.lhev abov_eihltio 5 I?ef(;,é ¢
the Re nuclear moments are dominant at low temperature (w) e: Oi’g K. Fe s_cgrgt;y cda;gtzs wi ; et (tarc]:reg do
(<3 K) in all the compounds that are proportional td4/ own 1o v Fory=0.7/5 and 1, by contrast, the Drude
Coefficients of the T? term are 0.122-0.155 JK/mol, in SomPonent disappears and the gap structure appears below
accord with that reported for GEeReQ (y=1) in a pre\;i- 150 K, indicating the occurrence of the M-I transition with
ous work? The value linearly increases with the increase ofthe variation of the tempgrature. The gap formation with the
y, indicating the increase of inner field applied on Re atomSQec_rease oft accompanies the appreciable change of.the
The y values were evaluated from the€ ¢ CJ)/T values pptlcal conductivity spectrum over 1 eV. The spectral Welght
extrapolatedd 0 K at O T,because a magnetisc field of 6 T 'S transferred from low to high energy through the isosbestic

was confirmed not to affect the low-temperature specific hea‘(gequal-absorptlo)npomt as indicated by vertical arrows in

S 14.15 . . e “Fig. 4. Such a large-energy-scale change in the course of the
s_lgmflcantl_y. The _obta_lned electronic specific hfat .COEf M-I transition is characteristic of the Mott transition in the
ficient (y) is shown in Fig. 1c). The y value fory=0 is

about 18 mJ/Rmol. and the density of state at the Fermi strongly correlated electron system, ensuring that the present
' Y half-metallic oxide is also on the verge of the Mott

; ; 4 -1 -1

Ie\{el, TrSEF)’I I? esttlrr]nat_e(i/t:;) Eﬁszéoz (eg( h r_notl .) by transition®® The isosbestic point is observed to gradually de-
using the refation &p__ T “8 (_ F) , WNICN IS IWICE @S 0556 with the decrease wf0.37 eV and 0.16 eV foy
large as the local-density approximation calculation result:1 and 0.75, respectively. This suggests that the optical gap

40\~ 1 -1y15 ;
[2.1x10*(ev . mol .)]' As the M-I phase bc_;undar_y IS gradually disappears with the decrease yoftoward the
approached with the increase gfthe y value slightly in- ground-state M-I transition pointy&=0.4)
creases and becomes about 22 rAdil aroundy=0.3. -

With the increase ofy above 0.4, they value steeply de-
creases in accord with the M-I transition, signaling the sud-
den shrink of the Fermi surface perhaps due to the correla- We summarize in Fig. 5 th& dependence diFig. 5a)]

tion of the Rety, orbital as discussed below. Such a behaviorattice constantsjFig. 5b)] spectral-weight loss during the

is similar to that observed in the filling-control M-I transition gap formation[Fig. 5(c)] magnetization, an@Fig. 5d)] re-

in the low-doped region of half-metallic manganit@sal- sistivity for CgFeReQ (y=1) that shows the typical M-I
thoughy in the insulating ground state remains finite in thetransition with the variation off. The low-energy spectral
present compound. The increase of thealue implies the weight of o(w) [Fig. 4, uppe}, that measures the kinetic
mass-renormalization effect as observed in the vicinity of theenergy of conduction electrons, is transferred to the high-
Mott transition™ but the absence of remarkable enhance€nergy side above the isosbestic point in the course of the
ment may come from the absence of the spin fluctuation dudl-I transition. To estimate the transferred weight, we have

Energy (eV)

D. T dependence of charge dynamics in G&keReQ;

to the nearly full spin polarizatiot?. calculated the effective number of electromé.¢), which is
defined as
C. Optical conductivity
To clarify the electronic-structural change upon the M-I Ngi( @)= m20 fch(w)dw.
transition for (Sy_,Ca)),FeReQ, theT andy dependencies me*NJo
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@ T T ascribed to the coexistence of the metallic and insulating
-2 Y 04 phases at low temperature, as is evident from the aforemen-
90.2 @ tioned neutron-diffraction study on the lattice-structural
change. According to the Msbauer measuremenfshe va-
a_, 489.8 lence states of Fe and Re are high-spirt‘Fand R&",
- - respectively, and the Ré 5d tgg states are triply degenerate
(or equivalently, &,4 hole can have three degenerate states
dyy, dy;, andd,,), retaining the orbital degree of freedom.
* The correlation of the Ré,, orbital is likely to cause the
0 : : . thermally induced M-I transition, which may be a driving
1_8TC) J/\ force of the nearly orthorhombic to monoclinic lattice-
] structural transition as well. Furthermore, Re atoms form an
fcc lattice in the ordered double perovskite structure. Then,
: the nearest-neighboring Re atoms make a tetragon, and
_ hence the orbital ordering of Re tyq electrons is likely to
be frustrated. The finitey value in the insulating phasey (
0.1 L =0.4-1.0) may be interpreted as the glass state of tRé Re
100r (K)1 %0 t,4 orbital in analogy to the conventional spin-glass state that
L may give rise to the residudtlinear form of specific heat in
spite of the charge-gapped state as observed.
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FIG. 5. The temperatur@) dependence af) lattice constants,
(b) spectral-weight change below 0.37 eMN.s) due to the
charge-gap formatior(c) magnetizationM) at a field of 1 T, and In summary, we have investigated the M-I phenomena in
(d) resistivity (o) for Ca,;FeReQ. The inset in(d) shows a magni- the ordered double perovskites (S)l;Cay)zFeReQ with
fication of thep-T curve at 100-150 K, in which resistivity shows qntrolled one-electron bandwidth. Throughout the composi-
a hysteresis. Solid lines i@ and(b) are merely guides to the eyes. tion, the compound is metallic and ferromagnetic at room
temperature with high . of 400-525 K, but it undergoes the
M-I transition with decreasing temperature fp=0.4. The
Ca substitution(y) dramatically affects the electronic struc-
ture, and the M-I transition occurs around=0.4 at the
ground state while keeping the almost fully spin-polarized
state. The ground-state M-I transition, that is not accompa-
nied by appreciable mass renormalization, is likely related to
the correlation of the Reé,, orbital. The insulating ground

IV. SUMMARY

Here, my is the free-electron mass ard the number of
B-site ion pairs(Fe and Rg per unit volume. The cutoff
energy (i w;) adopted for the estimate is the isosbestic point
0.37 eV. The transferred spectral weighi¢ in the course
of the M-I transition is represented a@Ngx(T)=Ngs(T)
—Negit (T=10 K). Lattice constants were obtained by Ri-
etveld analysis of neutron powder diffraction. As shown in

Fig. 5a), B changes from 90° to 90.2° at 140 K, indicating . . G .
that the transition from orthorhombic to monoclinic structureSt":lte in the Ca-rich side is perhaps described as thBZEBe

takes place. The monoclinic phase is not observed at 160 I@rbital orde.rerd sta.te or.its g!ass—state analog associated with

while the nearly orthorhombic phase disappears below 128‘1e monoclinic lattice distortion.

K. This means that two phases coexist only in the tempera-
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