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The magnetic properties of electron-doped perovskite manganites,sGdxCaySr1−x−ydMnO3 (x=0.08 and 0.05,
0.1øy,1), were investigated as a function of the average ionic radius of theA-site cations(i.e., Gd, Ca and
Sr), krAlusing polycrystalline samples. For the samples withx=0.08, asy increased from 0, the low tempera-
ture phase changed from an antiferromagnetic insulator(AFI) to a ferromagnetic metal(FM) at y,0.35 which
corresponds tokrAl=1.25 Å. The magnitude of the Néel temperature was found to correlate with the bandwidth
of the Mn−3d band. On the other hand, for the samples withy.0.5, a small saturation magnetization
suggested the coexistence of the FM and AFI phase; in other words, magnetic phase separation occurred below
the Curie temperatures,120 Kd. A scaling analysis of the resistivity ofsGd0.08CaySr0.92−ydMnO3 indicated that
a percolation transition between FM clusters was induced by the decrease inkrAl.
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I. INTRODUCTION

Doped perovskite manganites RExAE1−xMnO3 (RE de-
notes a trivalent rare earth ion and AE a divalent alkaline
earth ion, henceforth both are called asA-site cations) have
been studied extensively because of their colossal magne-
toresistance(CMR) effect.1 Recent studies regarding the
hole-doped manganites have revealed two crucial parameters
that govern the relationship between their crystal structure,
magnetism, and electrical transport properties. One is a
charge-carrier doping; for example,eg-electrons are intro-
duced by chemical substitution for AE2+ by RE3+. This
causes a ferromagnetic(F) metallic state in which the itiner-
anteg-electrons mediate an F double-exchange interaction.2,3

The other is an effective one-electron bandwidthsWd, which
is affected strongly by the degree of the hybridization be-
tween Mn-3d and O-2p orbitals. The magnitude ofW is
controlled by the average ionic radius of theA-site cations
skrAld, i.e., the chemical pressure,4–7 which induces the evo-
lution of the F transition temperaturesTCd for the hole-doped
manganites. Other factors, including temperature and applied
(physical) pressure, provide various magnetic phase dia-
grams for the hole-doped manganites.8–10

The electron-doped manganites, RExSr1−xMnO3,
RExCa1−xMnO3, and BixCa1−xMnO3 sx,0.5d, etc. have been
studied recently because of their peculiar magnetic proper-
ties, including magnetic phase separation and the CMR
effect.11–23 As with the hole-doped manganites, magnetic
phase diagrams in the electron-doped manganites depend
strongly on krAl.13 Unlike the hole-doped manganites, the
CMR effect in the electron-doped manganites is observed
only in a narrow region in a phase diagram. For example,
RE1−xCaxMnO3 sx.0.5d exhibits the CMR effect at around
the critical concentrationxc s,0.8–0.9d.11,12 Charge order-
ing phenomena together with antiferromagnetic(AF) order-
ing state are observed forx,xc, while F metallic state ap-
pears forx.xc. The competition between charge ordering,
the AF ordering and the F metallic phenomena leads to the
CMR effect at the phase boundary ofx=xc. Thus, the coex-

istence of both magnetic phases is important for the CMR
effect in the electron-doped manganites. For the hole-doped
manganites, there are many reports regarding the chemical
pressure effect on various physical properties,4,6,7,24,25which
provide important information about their magnetic phase
separation behavior. To the best of our knowledge, however,
there has been no detailed report on the effect of chemical
pressure on magnetotransport properties of the electron-
doped manganites.

We have investigated the effect of chemical pressure on
the magnetic and electrical properties of the electron-doped
manganites sGdxCaySr1−x−ydMnO3 (x=0.08 and 0.05,
0.1øy,1) to understand the physical nature of magnetic
phase separation and to clarify the ground-state phase evolu-
tion in detail. According to our preliminary experiments us-
ing several rare earth oxides, the sample with the highest
density was easily obtained using Gd2O3. We therefore se-
lected Gd as a dopant for the current work to elucidate the
change in the transport properties by chemical pressure.

II. EXPERIMENT

Polycrystalline samples ofsGdxCaySr1−x−ydMnO3 (x
=0.08 and 0.05, 0.1øy,1) were synthesized by a conven-
tional solid-state reaction from stoichiometric mixtures of
Gd2O3, CaCO3, SrCO3, and Mn2O3. The mixtures were cal-
cined at 1573 K for 12 h in air, then sintered at 1823 K for
5 h in air. The heating and the cooling rate of the sintering
process were,100 and 200 K/h, respectively. Densities of
the sintered samples were,92% of the theoretical values.
Powder x-ray diffraction XRD(Cu-Ka radiation, model
RINT-1500V, RIGAKU, 40 kV, 350 mA) analysis was used
to determine the crystal structure at room temperature. Struc-
tural parameters were refined by the Rietveld method using
the programRIETAN 2000.26 The value ofkrAl was calculated
using the tabulated values for cations in a ninefold
coordination.27

Electrical resistivitysrd was measured using a standard dc
four-probe method in the temperature range between 25 and
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300 K. Magnetic susceptibilitysxd from 5 to 600 K was
measured using a superconducting quantum interference de-
vice (SQUID) magnetometer(mpms,Quantum Design) in a
magnetic fieldH of less than 55 kOe. Hall voltage was mea-
sured at 300 K using an ac four-probe technique withH
ø60 kOe (ppms, Quantum Design) for thin plate samples
with ,200 mm thickness.

III. RESULTS AND DISCUSSION

A. Crystal structure

The sGd0.08CaySr0.92−ydMnO3 samples withyù0.2 were
assigned to be single-phase of the orthorhombic-perov-
skite structure with thePnma space group[Fig. 1(a)], in
which the MnO6 octahedra are rotated around and tilted
off the b axis. The sample withy=0.1 was almost single-
phase of the orthorhombic-perovskite structure, while a very
small amount of the hexagonal-perovskite phase was de-
tected in the XRD pattern[Fig. 1(b)], as in the case of

Pr0.1Sr0.9MnO3.
14 However, the diffraction intensity of the

peaks from the hexagonal phase was extremely weak com-
pared with that from the main phase[actually, almost invis-
ible in Fig. 1(b)]. We therefore ignored the contribution from
the hexagonal phase in the structural analysis using the Ri-
etveld method.

Although a cubic- or a tetragonal-perovskite phase was
reported to be stabilized in the Sr-rich manganites
due to an increase inkrAl,14,23,28the current XRD patterns for
the samples with yø0.5 were well fitted using the
orthorhombic-perovskite structure and were unable to be fit-
ted using the cubic- and/or the tetragonal-perovskite struc-
ture.

The refined structural parameters determined by the Ri-
etveld analysis for thesGd0.08CaySr0.92−ydMnO3 samples with
yù0.1 are listed in Tables I and II. Figure 2 shows the varia-
tion in the structural parameters as a function of Ca contenty
for sGd0.08CaySr0.92−ydMnO3. The unit cell volumesVd de-
creases monotonically with increasingy, as expected from
the difference between the ionic radii of Sr2+ and Ca2+. A
similar change in the cell volume with increasing Ca content
has also been reported for polycrystalline(Ca,Sr)MnO3
samples.28 For the orthorhombic perovskite, the coordina-
tion number of the Mn ions is six; however, there are two
unequivalent oxygen sites, which are named the O(1) and
O(2) sites in the unit cell[two oxygen atoms locate on the
O(1) site and the rest four on the O(2) site]. Namely, there
are three Mn-O bondssdMn−Od and two Mn-O-Mnangles
sud, which are determined by the direction of the crystallo-
graphic axis.

Although the threedMn−O are almost independent ofy,
the values ofdMn−O,ac1 and dMn−O,ac2 for the samples with
y=0.7 and 0.8 seem to deviate from such behavior. Since the
accuracy of the atomic positions for the samples with
y=0.7 and 0.8 is approximately equal to that for the other
samples, this would indicate the difficulties for determining
the oxygen positions using the powder XRD data. Neverthe-
less, the average of the threedMn−O is almost independent of
y and in good agreement with the result for the orthorhombic
perovskite CaMnO3 sdMn-O,1.9 Åd determined by a neutron
powder diffraction analysis.19,20 On the other hand, the two
Mn-O-Mn bond angles are found to decrease systematically
with increasingy [see Fig. 2(c)]. The implications of the
variation in these parameters are discussed later. However, it

TABLE I. Refined structural parameters determined by the Rietveld analysis of the powder x-ray diffrac-
tion pattern(Cu-Ka radiation) for the sGd0.08CaySr0.92−ydMnO3 samples withyù0.1.

Ca contenty a sÅd b sÅd c sÅd V sÅ3d Rwp s%d RI s%d S

0.1 5.3722(2) 7.6207(3) 5.3729(2) 219.97(1) 9.91 2.65 2.78

0.2 5.3548(1) 7.6279(1) 5.3555(2) 218.75(0) 7.15 2.48 1.92

0.3 5.3383(1) 7.6294(2) 5.3396(2) 217.47(0) 7.14 2.02 1.87

0.4 5.3623(3) 7.5501(3) 5.3420(3) 216.28(2) 12.96 2.91 1.27

0.5 5.3503(2) 7.5437(3) 5.3335(2) 215.27(1) 9.02 4.39 1.98

0.7 5.3127(1) 7.5152(2) 5.3175(1) 212.30(1) 10.46 4.73 1.25

0.8 5.3053(1) 7.4961(2) 5.3005(1) 210.79(1) 8.33 4.44 1.73

0.92 5.3010(1) 7.4731(2) 5.2797(1) 209.16(1) 12.35 5.66 1.34

FIG. 1. (a) A powder x-ray diffraction pattern and the result of
the Rietveld analysis forsGd0.08Ca0.3Sr0.62dMnO3, and(b) a powder
x-ray diffraction pattern forsGd0.08Ca0.1Sr0.82dMnO3. In (b), the ar-
row indicates a very weak diffraction peak probably due to the
hexagonal perovskite phase.
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should be pointed out here that the linear relationship be-
tweenV andy is caused by not the shrinkage ofdMn−O, but
by the deviations ofu from 180°(i.e., the tilting of the MnO6
octahedra).

B. Antiferromagnetic phase

Both magnetic and transport properties ofsCa,SrdMnO3

are reported to depend onkrAl, i.e., the chemical press-
ure.28 Furthermore, the parent compounds of the current sys-
tem, CaMnO3 and SrMnO3, are an antiferromag-
netic insulator with the Néel temperatureTN of 123 and
233 K, respectively.28 The magnitude of TN for
sGd0.08CaySr0.92−ydMnO3 is therefore expected to be strongly
affected byy (i.e., krAl), if they are also antiferromagnetic.
Thus, at first, we focus on the effect of chemical pressure on
the AF transition insGd0.08CaySr0.92−ydMnO3.

Figure 3 shows thexsTd curves measured in the
field-cooled mode with H=10 kOe for the
sGd0.08CaySr0.92−ydMnO3 samples withyø0.5. The maxima
in the xsTd curves indicate the AF transition withTN

=150–255 K. Here, the value ofkrAl of the samples indicat-
ing the AF transition ranges from 1.23 to 1.28 Å, as in the
case ofsSm,SrdMnO3.

13 For the samples withy.0.5, the
magnitude ofx dramatically increases with decreasingT es-
pecially below,120 K (Fig. 4), indicating the existence of a
F phase withTC,120 K. In addition, the magnitude ofx
below TC increases with increasingy.

Assuming that only Mn3+, Mn4+, and Gd3+ moments are
responsible for the paramagnetic behavior ofx at tempera-
tures aboveTN or TC, the Curie-Weiss law in the general
form is written as

x =
NMnmeff,Mn

2 + NGdmeff,Gd
2

3kBsT − Qpd
+ x0, s1d

whereNMn and NGd are the number density of Mn and Gd
ions(per unit gram), meff,Mn andmeff,Gd are the effective mag-
netic moment of Mn and Gd ions,kB is the Boltzmann’s
constant,T is the absolute temperature,Qp is the paramag-
netic Curie temperature, andx0 is the temperature-
independent susceptibility. Using Eq.(1) over the tempera-

ture range between 300 and 600 K andmeff,Gd=7.80mB, we
can obtain the values formeff,Mn, Qp, and x0 for the
sGd0.08CaySr0.92−ydMnO3 samples, as listed in Table III.
TN was simply defined as the peak temperature in the
xsTd curve.

As y increases from 0,Qp decreases up toy=0.3, sud-
denly changes the sign from negative to positive neary
=0.35, and then increases with further increases iny (see
Fig. 5), indicating that the magnetic phase boundary exists at
y,0.35. Ignoring the data for they=0.2 and 0.3 samples,
meff,Mn is almost independent ofy s,3.7 mBd, as shown in
Table III; this value is in good agreement with the spin only
moment of Mn ions forsGd0.08CaySr0.92−ydMnO3 s3.94mBd.
The AF interaction, therefore, weakens with increasingy,
and the F interaction is dominant for the samples withy
ù0.4, while the electron configuration of the Mn ions is
unaffected by the Ca substitution for Sr.

TABLE II. Atomic positions determined by the Rietveld analysis of the powder x-ray diffraction pattern
(Cu-Ka radiation) for the sGd0.08CaySr0.92−ydMnO3 samples withyù0.1; the position of Mn is(0,0,0.5) for
all samples.

Ca/Sr/Gd O(1) O(2)

Ca contenty x y z x y z x y z

0.1 0.001(7) 0.25(0) −0.003s4d 0.49(5) 0.25(0) 0.03(2) 0.26(4) −0.01s2d −0.24s4d
0.2 0.001(5) 0.25(0) −0.006s1d 0.50(3) 0.25(0) 0.027(7) 0.26(1) −0.005s5d −0.263s6d
0.3 0.001(4) 0.25(0) −0.007s1d 0.50(2) 0.25(0) 0.036(6) 0.26(1) 0.01(1) −0.26s2d
0.4 0.005(2) 0.25(0) −0.001s3d 0.489(8) 0.25(0) 0.055(5) 0.264(6) 0.013(4) −0.264s6d
0.5 0.008(2) 0.25(0) 0.001(5) 0.480(7) 0.25(0) 0.03(1) 0.272(5) 0.026(4) −0.269s5d
0.7 0.0217(4) 0.25(0) −0.002s2d 0.491(2) 0.25(0) 0.059(5) 0.290(2) 0.025(2) −0.261s4d
0.8 0.0273(5) 0.25(0) −0.006s2d 0.490(2) 0.25(0) 0.069(5) 0.270(4) 0.026(2) −0.292s2d
0.92 0.0337(5) 0.25(0) −0.007s1d 0.492(2) 0.25(0) 0.066(4) 0.284(2) 0.027(2) −0.285s2d

FIG. 2. Structural parameters ofsGd0.08CaySr0.92−ydMnO3 as a
function of the Ca contenty; (a) unit cell volume,(b) Mn-O bond
length, and(c) Mn-O-Mn bond angle. In(b), dMn-O,ac1anddMn-O,ac2

are the Mn-O bond lengths in theac plane.
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The magnitudes ofmeff,Mn for the y=0.2 and 0.3 samples
are larger by,0.6 mB than those for the others. Also, the
sign of x0 for the samples withy=0.2 and 0.3 is negative,
while that for the others positive. Although the magnitude of
x0 is expected to be independent ofy, the observed variation
of x0 seems to be strongly related to that ofQp, which ap-
parently changes the sign aroundy=0.35. On the other hand,
the anomaly inmeff,Mn (and the accompanying decrease in
x0) suggests that the magnetic phase boundary exists aty
,0.35. Thus, this indicates that both anomalies inmeff,Mn and
x0 would be induced by critical phenomena caused by the
competition between the F and AF interaction, although the
details are not fully understood. By contrast, a long-range F
order is observed for the samples withy.0.5 (see Figs. 3
and 4), suggesting that the remaining AF interaction sup-
presses the long-range F order in the samples withyø0.5.

Figure 6 shows the temperature dependences of resistivity
r anddsln rd /dsT−1d3kB, (i.e., the activation energy,E) be-

low 300 K for thesGd0.08CaySr0.92−ydMnO3 samples. For the
samples withy=0.4 and 0.5,rsTd increases remarkably be-
low TN with decreasing temperature. This indicates that the
AF ordering induces an insulating behavior in the electron-
doped manganites. TheEsTd curves exhibit maxima atTmax

[see Fig. 6(b)] and the highest value ofTmax s=225 Kd is
observed for the sample withy=0.3. It is worth noting that
the highestTN was also observed for the samples withy
=0.3. ThersTd curves for the samples withyø0.3 exhibit a
semiconducting behavior over a wide temperature range, al-
thoughrsTd for the samples withy.0.3 shows a metallic
behavior in the paramagnetic state. Since the value ofnH is
almost independent ofy 2.0–2.731021 cm−3, as seen in
Table III), the metallic behavior for the samples withy.0.3
is concluded to be induced by a decrease in . This suggests
the formation of F clusters in the AF matrix, as discussed
below.

Assuming that one Mn3+ ion produces one electron in the
current manganites, the measurednH provides the Mn3+ con-
tent as 0.10–0.14, which is larger than that expected from
the Gd content, i.e.,,0.08. This indicates the existence
of oxygen deficiency d s=0.01−0.03d in the
sGd0.08CaySr0.92−ydMnO3−d samples.

Next, we discuss the correlation betweenTN and crystal
structure for the samples withx=0.08 and 0,yø0.5. Asy
increases from 0 to 0.3,TN increases up to 255 K and then
decreases with further increasingy above 0.3. Note that this
behavior looks to correlate withTmax (see Table III). The
variation of TN in the undoped perovskite manganites,
CaySr1−yMnO3 and BaySr1−yMnO3, was discussed using the
following two factors; i.e., theA-site ionic size variancess2d
and the spatial average ofuMn-O-Mn suavd in the orthorhombic
lattice.28,29 Both are expressed as

s2 = Syir i
2 − krAl2, s2d

cos2 uav =
cos2 uMn-Os1d-Mn + 2cos2 uMn-Os2d-Mn

3
, s3d

where yi and r i are the fractional occupancy and the ionic
radius of the ith cations in theA-site. The two angles
uMn-Os1d-Mn and uMn-Os2d-Mn are caused by the orthorhombic

TABLE III. Magnetic and transport parameters forsGd0.08CaySr0.92−ydMnO3. That is, the paramagnetic
Curie temperatureQp, the effective magnetic moment of Mn ionsmeff,Mn, the temperature-independent
susceptibilityx0, the maximum temperature in theEsTd curveTmax (see Fig. 6) and the carrier concentration
nH estimated from Hall measurements at 300 K.

Ca
contenty TN or TC (K) Qp (K) meff (mB/Mn ion) x0 s310−3 emu/mold Tmax (K) nH s31021 cm−3d

0.1 235 −23±9 3.69±0.09 0.09±0.10 218 2.0±0.8

0.2 255 −69±8 4.24±0.08 −0.46±0.09 219 2.5±0.2

0.3 255 −88±20 4.36±0.18 −0.58±0.19 225 2.3±0.6

0.4 185 23±7 3.37±0.07 0.32±0.08 176 2.3±0.1

0.5 150 21±9 3.56±0.09 0.08±0.10 144 2.7±0.5

0.7 ,120 49±4 3.36±0.04 0.25±0.05 2.1±0.6

0.8 ,120 54±7 3.52±0.08 0.16±0.10 2.5±0.3

0.92 ,120 66±3 3.39±0.04 0.19±0.05 2.0±0.3

FIG. 3. Temperature dependences of(a) x and (b) x−1 for
sGd0.08CaySr0.92−ydMnO3 with yø0.5; x was measured in the field-
cooled mode withH=10 kOe.
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distortion of the unit cell. This model was successful to ex-
plain the decrease inTN with y in CaySr1−yMnO3 and
BaySr1−yMnO3.

28 On contrary, the magnitude ofTN increases
with y up to 0.3 in the current Gd-doped manganites, as seen
in Table III. This indicates that the above model is unavail-
able for sGd0.08CaySr0.92−ydMnO3.

We therefore focus on the effect of the hybridization be-
tween Mn-3d and O-2p orbitals on the AF transition in the
sGd0.08CaySr0.92−ydMnO3 samples. For the orthorhombic per-
ovskite manganites, the effective band widthW is repre-
sented within the tight-binding approximation

W~
cosv

dMn-O
3.5 , s4d

where v is the tilt angle in the MnO4 plane and is given
by v=0.5sp−uMn-O-Mnd and dMn-O is the Mn-O bond
length.6,30 Figure 7 shows the variation inTN and the relative
W sWr =Wsyd /Wsy=0.1dd as a function of for
sGd0.08CaySr0.92−ydMnO3. Although the accuracy ofWr is
relatively low due to the analytical errors of the Mn-O-Mn
angles and Mn-O bond lengths, theWr-krAl curve seems to
exhibit a broad maximum atkrAl,1.25 Å (i.e., y=0.3), as in
the case of the hole-doped manganites.6 The maximum ofWr
in Fig. 7 is mainly induced by a slight decrease in the aver-
age Mn-O bond length aty=0.3. Furthermore, both the
TN-krAl andTmax-krAl curve are found to show a broad maxi-
mum at krAl,1.26 Å (Figs. 6 and 7, and Table III). These
results suggest thatW is the suitable parameter
for explaining the change inTN for the current manganites,
because the structural, magnetic, electrical transport proper-
ties are strongly coupled to each other. In other words,
the superexchange interaction between the neighboring Mn
ions is affected by the hybridization between Mn-3d and
O-2p orbitals.

FIG. 4. Temperature dependencies of(a) magnetizationM and
(b) x−1 for sGd0.08CaySr0.92−ydMnO3 with y.0.5; and(c) M and(d)
x−1 for sGd0.05CaySr0.95−ydMnO3 with yù0.5.

FIG. 5. (a) The paramagnetic Curie temperature,Qp, (b) the
effective magnetic moment of Mn ions,meff,Mn and (c) the
temperature-independent susceptibility,x0 as a function ofy for
sGd0.08CaySr0.92−ydMnO3.

FIG. 6. Temperature dependence of(a) resistivity r and (b)
dsln rd /dsT−1d3kB (i.e., the activation energy, E) for
sGd0.08CaySr0.92−ydMnO3.
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In the above discussion, we ignored the temperature de-
pendence of the crystal structure. To understand the chemical
pressure effect on magnetism in fully detail, both neutron
and x-ray diffraction studies as a function of temperature are
necessary.

C. Ferromagnetic transition and phase separation

The transition from the paramagnetic state to the F
state is clearly observed at,120 K s=TCd for the
sGd0.08CaySr0.92−ydMnO3 samples with yù0.7 and
sGd0.05CaySr0.95−ydMnO3 with yù0.6 [Figs. 4(a)–4(d)]. The
increase in the Gd content leads the enhancement ofM be-
low TC, as in the case of the electron-doped LaxCa1−xMnO3
with xø0.1, in which electrons are doped into the AF band
insulator CaMnO3.

15,18Furthermore, the magnitude ofM be-
low TC increases with increasingy, whereasr below TC
decreases(Fig. 6). These are well explained by the decrease
in the AF interaction between Mn ions caused by the shrink
of .

Figure 8 shows the relationship betweenM and H for
Gd0.08Ca0.8Sr0.12MnO3 at 5, 50, and 100 K. Assuming the
paramagnetic behavior of the Gd ions in the sample, we sub-
tracted the contribution of the Gd moment from the mea-
suredM. A clear M-H loop is observed belowTC, although
the saturation magnetizationsMsd is rather small
(,0.9 mB/Mn ion at 5 K); in addition, the coercive fieldHc
appears to be independent ofT sHc,50 Oed below 100 K. A
similar result was also obtained for Gd0.05CaySr0.95−yMnO3.
If the Mn moments are in the fully F ordered state,
Ms,3 mB/Mn ion, as in the case of CaMnO3. Therefore, the
small Ms indicates that part of the samples exhibited ferro-
magnetism. Since the magnetism of the sample changes from
AF to F with increasing chemical pressure, our result sug-
gests that F clusters are distributed in the AF matrix phase,
as reported for several electron-doped manganites.16–18,20–22

Machidaet al. reported that two magnetic phases coexisted
in Tb0.1Ca0.9MnO3 on a nanometer scale(i.e., F and G-type
AF phases).20,22 Furthermore, recent specific heat measure-
ments on TbxCa1-xMnO3 suggested charge separation
behavior,21 which was anticipated theoretically for the
double-exchange-interaction system with a low electron

density.31 In fact, our recent mSR studies on
Gd0.08CaySr0.92−yMnO3 sy.0.5d suggested an inhomoge-
neous distribution of the internal magnetic field even at
5 K.32

Since the coexistence of AF and F phases was not ob-
served in the PrxSr1−xMnO3 sxø0.15d samples,14 such be-
havior is also unlikely to exist in the Ca-poor
Gd0.08CaySr0.92−yMnO3 samples. On the other hand, the val-
ues ofQp andM at 5 K increased systematically withy for
the samples withy.0.5; these facts and the smallMs ob-
served for the samples withy.0.5 suggest that the fraction
of F clusters increases withy. We therefore conclude that the
F metallic clusters are distributed randomly in the AF matrix
phase in the Ca-rich samples. In such cases, a percolation
transition between the separated F clusters would occur at a
certain temperature belowTC, inducing a change from an
insulating to a metallic state(see Fig. 6). Within the perco-
lation theory, a power law gives a total resistivity of a com-
posite, which consists of an insulator and a conductor

r ~ sC − Ccd−t, s5d

wherer is the bulk resistivity of the sample,C is the con-
centration of the conductive component,Cc is the percolation
threshold concentration, andt is the critical exponent.33–35

Figure 9 shows the relationship between logrs30 Kd and
logsy−ycd for Gd0.08CaySr0.92−yMnO3 with yù0.7. Here, the
critical concentrationyc=0.6 was determined from the de-
pendence ofMs5 Kd on y. That is, asy increases from 0,
Ms5 Kd increases rapidly above,0.6, whereas almost 0 be-
low 0.6 (see the inset of Fig. 9). Note that, aboveyc, rs30 Kd
changes by about 3 orders of magnitude and the logarithm of
r is almost proportional to that ofsy−0.6d. Using Eq.(7) and
C=y, we obtain the resistivity critical exponentt as 5.4. This
value is smaller than that reported for the hole-doped man-
ganites La5/8−yPryCa3/8MnO3 st=6.9d,25 whereas rather larger
than the universal exponent in the three dimensional
percolation theoryst.2d.33 The enhancement oft for the
hole-doped manganites is well explained by the percolat-
ive conduction through metallic regions embedded in insu-
lating regions.25 Our scaling analysis therefore suggests that

FIG. 7. The magnitude ofTN and the relativeW sWr

=Wsyd /Wsy=0.1dd as a function of forsGd0.08CaySr0.92−ydMnO3

with yø0.5.
FIG. 8. The relationship betweenM and H for

sGd0.08Ca0.8Sr0.12dMnO3 at 5, 50, and 100 K underHø1000 Oe.
The inset shows theM-H curve at 5 K underHø10 kOe.
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the percolative phase separation also occurs in
Gd0.08CaySr0.92−yMnO3, and the F phase is distributed ran-
domly in the AF matrix. This is consistent with the fact that
TC is independent ofy for the samples with 0.7øyø0.92. In
other words, the F cluster model is reasonable for under-
standing magnetism in Gd0.08CaySr0.92−yMnO3.

Conversely,Ms5 Kd is found to be level off to a constant
value (,0.65mB/Mn ion) for Gd0.05CaySr0.95−yMnO3 with
yù0.7 [see Fig. 4(c)]. This is probably because the carrier
concentrationsx=0.05d is too close to the critical concentra-
tion of x for the metal-insulator transition induced by an

electron doping. As a result, the magnetic properties of
the electron-doped manganites are quite sensitive to bothx
andy.

IV. SUMMARY

We investigated the magnetic properties of electron-doped
perovskite manganitessGdxCaySr1−x−ydMnO3 (x=0.08 and
0.05, 0øy,1). The average ionic radius of theA-site cat-
ions was found to have a significant effect on the transport
properties and magnetism ofsGdxCaySr1−x−ydMnO3. For the
samples withx=0.08, the boundary between the antiferro-
magnetic insulator AFI and the ferromagnetic metal FM
phases was located near,1.25 Åsy,0.35d. The scaling
analysis of resistivity indicated that the FM clusters are dis-
tributed randomly in the AFI matrix. The metal-insulator
transition at,1.22 Åsy,0.6d was explained as a percolation
transition between the FM clusters.
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