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Abstract. Bulk samples of Lasz_,Y,Ca7Mn,07, with x = 0, 0.3, 0.5, with layered perov-

skite structure have been synthesized and investigated as regards their electrical, electronic and
magnetic properties. It is found that 1Yo 5Ca 7Mn20; has tetragonal structure and is a
metallic ferromagnet with a magnetic transition temperature of 170 K. This compound shows
metallic behaviour below 140 K and has a large magnetoresistance (M&)oo| ~ 94%

at 100 K at 34 kOe. For = 0 and 0.3 the structure is monoclinic with a suppression of
metallicity. Forx = 0 the material is a ferromagnetic insulator. We observed a large increase in
the coefficient of the linear term in the specific heat with decreasings far as we are aware,

this is the first report of an electron-doped manganite showing a metal-insulator transition and
ferromagnetism.

Hole-doped rare-earth manganese oxides have attracted considerable attention in recent
times because of their magnetotransport phenomena arising from spin—charge coupling.
Hole doping is achieved by partially replacing the trivalent rare-earth ion by a bivalent ion
like Sr, Ca or Ba as a result of which the manganese ion goes into®a/Mm*t mixed-
valence state. Materials with the formy RM,MnO;3 (R is a rare-earth ion whereas M is
a bivalent cation) with three-dimensional Mn—O—Mn bonds like those in [@a, MnO;
and La_,Sr,MnO3; have been known for a long time to be paramagnetic insulators at high
temperatures and ferromagnetic metals at low temperaturesy (for 0.2). In contrast,
Ro_2:M1,2:Mn,0O; compounds with layered perovskite structure have two-dimensional
Mn—O-Mn networks in the=—b plane. Studies on lLa,,Sr>Mn,O; have shown that
these materials show strong anisotropy betweenatHe plane (in the plane) and along
the c-axis (out of the plane) [1]. Ferromagnetism and a metal-insulator transition in this
class of compounds were reported earlier for hole-dopedJ.8n. 2. Mn,O; [1, 2] and
Lay_5,Ca120.MN,07 (x > 0.4) [3]. For Skb_,Ndi, . Mn,O; [4] the resistivity shows a
complex behaviour but the material does not show any ferromagnetic transition. In all of
these compounds the magnetic and electrical properties are governed by a Zener double-
exchange mechanism based on the*MiMn*+ mixed-valence states [5].

In this letter we report on the magnetic, transport and electronic properties of the
electron-doped manganites 4Aa,Y,Ca&7Mn,0; (x = 0,0.3,0.5). Unlike the case for
the compounds reported on earlier, here the R/M ratio is such that manganese goes into
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Figure 1. X-ray diffraction patterns of Laz_, Y Ca 7Mn,O7 samples withx = 0, 0.05, 0.5.

a Mt /Mn3t mixed-valence state. The double exchange operates here in the-®in

Mn3*+ bonds giving rise to ferromagnetism and a metal-insulator transition. The compound
with x = 0.5 is a metal below 140 K and has a ferromagnetic transition temperature of
170 K. The material shows large negative magnetoresistange/ fo| ~ 94% at 3.8 T at

100 K).

Bulk ceramic samples were prepared through the conventional solid-state reaction route
starting from LaOs3;, Y03, CaCQ and MnQ. Stoichiometric amounts of the starting
oxides and carbonates were mixed, ground and calcined in air for 18 h &®00he
reacted powder was then reground, pelletized, sintered for 15 h at X250 flowing
oxygen, cooled down to 1050C at 10°C min~?, kept for 10 h in flowing oxygen, and
cooled to room temperature at € min!. The samples were characterized through
x-ray diffraction (XRD) and energy-dispersive x-ray microanalysis (EDX), and using a
scanning electron microscope (SEM). The cell constants were calculated using the XLAT
software for the tetragonal structure. The composition was found to be nearly identical
to the starting composition within the accuracy of 3% of EDX. The electrical resistance
and magnetoresistance were measured using the conventional four-probe technique. The
magnetoresistance (MR) was definedMs/pp = (0(H = 0) — p(H))/p(H = 0). The
magnetization was measured either using a Quantum Design SQUID magnetometer or by
the Faraday method. The specific heat of these samples was measured using a home-made,
semi-adiabatic, heat-pulse-type set-up calibrated with a copper standard with an accuracy
of 4%.

Figure 1 shows representative XRD patterns of4.aY,Ca7Mn,0O7 (x = 0 and 0.5).

All of the peaks for the composition = 0.5 are indexed with respect to the tetragonal
structure with lattice constants = 3.874 A and ¢ = 19.218 A. For x = 0 and 0.3 the
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Figure 2. A SEM photograph of the LaY5Ca7Mn20; sample showing grains and grain
boundaries.
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Figure 3. (a) The resistivity(p) of Laz3_,Y,Ca 7Mn,07 for x = 0, 0.3, 0.5 as a function of
temperature. (b) The MR as a function of field forilg o 5Ca7Mn207 at T = 4.2 K, 60 K
and 100 K.
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crystal structure becomes monoclinic. For= 0.3 the lattice constants ate= 3.881 A,
b = 19285A, ¢ = 4003 A and g = 9316 while for x = 0 the lattice parameters are
a = 3.890A, b = 19.336A, ¢ = 4.008A and 8 = 93.40°. No impurity phase was detected
from the XRD. It appears that the tetragonal structure is obtained when the average ionic
radius at the rare-earth/alkaline-earth-metal site is same as that e€&aMn,0O;, which
has a well known tetragonal structure [3]. In this structure type the Mn—O—Mn bonds are
separated along theaxis by R(Ca)O layers. This causes the double-exchange mechanism
to be stronger in the—b plane than out of the plane, which makes the system a quasi-two-
dimensional one. This has interesting effects on the electronic and magnetic properties of
the material. Figure 2 shows a SEM photograph of the sample with0.5 showing the
grain structure with an average grain size ofi3.

The resistivityp as a function of temperature forta ,Y,Ca7Mn,0; (x = 0, 0.3, 0.5)
and the MR as a function of field (up to 3.8 T) fer= 0.5 at various temperatures up
to 100 K are shown in figures 3(a) and 3(b) respectively. The resistivity as a function of
temperature R—T') shows a peak atf,) 140 K forx = 0.5 and at 107 K forxr = 0.3. We
do not observe any metallicity for the sample with= 0 though there is a slight rounding
off in the R—T curve at low temperature. The residual resistance of the sample increases
by almost seven orders of magnitude with change of composition frem0.5 to x = 0.
This is in sharp contrast with the perovskite manganites, for which doping with a smaller
rare-earth such as yttrium at the cation site decreases the metallicity of the sample [6]. The
way the cation size affects the metallicity of the sample depends on the way in which the
Mn—-O-Mn bond angle changes with change in the ionic size. In the case of perovskite
manganites with substitution of a small rare earth, the bond angle deviates from the ideal
180, which in turn reduces the hopping integralof the g electrons for hopping between
two neighbouring sites. It is not yet very well known how the Mn—O—Mn bond angle gets
modified in the case of layered perovskite structure, where we have two types of Mn—O—Mn
bond, one between two manganese ions between the bilayers and the other between two
manganese ions in the same layer. However, we observe that the most highly metallic
behaviour is obtained when the system goes into the tetragonal phase. The behaviour
above the peak temperature is semiconducting and it is metallic below. We observe that the
material withx = 0.5 has a MR of 60% at 4.2 K and of 93.8% at 100 K. Figure 4(a) depicts
the zero-field-cooled magnetization plots measured in applied fields of 1500 Oe and 84 Oe
(inset) respectively. Each of the samples has a magnetic transition tempéfajuire the
range 160 K to 170 K, though the metallicity is completely suppressed for the composition
with x = 0. The magnetization in Bohr magnetons per manganese ion as a function of
field up © 4 T at 4.5 K for LagYy5Ca7Mn,0; is shown in figure 4(b). The saturation
value 433 up is close to the value deduced from the formula for this?#Mn3+ ratio
(4.15 ug). The apparent lack of correlation betwegnand the metal—insulator transition
temperature had been observed earlier for these layered perovskite compounds [3]. Asano
et al have suggested that there are two different types of ferromagnetic coupling, possibly
arising from the anisotropic double-exchange interaction [3, 7]. This might give rise to the
large deviation betweefi. and7,.

Figure 5 shows the specific he@f) as a function of temperatur@’) for x = 0, 0.3
and 0.5. TheC versusT curve was fitted to an expression of the type= y T + T3
over the temperature range 2.5 K to 10 K. The valueg ahdy were calculated from the
slope and the intercept of the fitted/ T versusT? curve atT — O respectively (inset).
The Debye temperaturg®p), calculated fromg, were found to be 329.5 K fox = 0,
365.9 K forx = 0.3 and 379.9 K forx = 0.5. The smaller value ofp for smallerx
is consistent with the fact that compositions with smaliehave larger average atomic
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Figure 4. (a) The magnetizationiM) of Laz3_,Y,Ca7Mn,0O7 with x = 0, 0.3, 0.5 as a

function of temperature measured at 1500 Oe (inset: the same, but measured at 84 Oe). (b) The
magnetization versus the field for the samplg $¥%p5Ca7Mn;0O7 at 4.5 Kupto 4 T.



L196 Letter to the Editor

9000 T T T T T T T T T T T
120 ; o'
v o°
8000 | 100 - 3
v ..
o 80 Vo g
o ' ]
7000 | o L ERN
g 60 4 «©
} O
E v ® i
8000 = 40 v .é)
& I
= S Td
S 5000k 20 . P g
£ , s o
0
s 0 50 100 & 8
8 4000 TZ(KZ) 5 .Q? 4
S’ w7
5 & .539
AR ) J
3000 - A )
T
La Y. Ca, . Mn,O &
3— 0.7 RT7 \S] _
2000 |- (2 3 X) x o .'. v x =0
M)
o .bép e x =03
1000 |- o o8 -
v¥ o x = 0.5
v \&) .
T et
O i i J. 1 l i I 1 1
0 2 4 6 8 10 12 14 16 18 20 22 24
T(K)

Figure 5. The temperature variation of the specific h¢ah of Lazz Y ,Ca7Mn,07, for
x =0, 0.3, 0.5, up to 24 K (insetC/ T versusT?, showing linear behaviour up to 10 K).

mass at the rare-earth/alkaline-earth-metal site. The value isf 140 mJ mol K2 for

x = 0.5, 200 mJ mol K2 for x = 0.3 and 415 mJ mol K2 for x = 0. The y-values
observed here are much larger than those observed for;Aj#®@ manganites which range
from 4.4 mJ mol K2 to 6.1 mJ mol K2 for Layg7Bay3sMnOz and 78 mJ mol K2 for
LaggCa2MnO3 [8, 9]. We believe that the two-dimensional character of the system can
play an important role in the enhancement of the density of states (DOS) at the Fermi
level, which might be responsible for the large valueyobbserved for our compounds.

This point is elaborated on in the next paragraph. There is, however, an apparent anomaly
for the composition withx = 0 wherey, which is normally associated with the electronic
contribution to the specific heat, is large though the material does not show metallicity down
to 15 K. This is possibly due to magnetic phase separation in the system and is explained
later.

In the perovskite manganites the fivefold-degenerate d orbital of the manganese ion
splits into a threefold-degeneratg orbital and a twofold-degeneratg @rbital in the oxygen
octahedra due to the crystal field [9]. In addition, distortion of the oxygen octahedra can
split the twofold-degenerategdevel. In the hole-doped samples the electrons in the e
orbital get delocalized through Zener double exchange via an effective transfer integral
giving rise to conductivity and ferromagnetism. In a scenario where we have strong in-
plane versus out-of-plane anisotropy we have= ¢, > t,. The monoclinic distortion of
the unit cell will introduce an additional reduction in the symmetry, namely 7,. In
our case the manganese ions are in?MiMn3* states with an gband which is slightly
(~7.5%) more than half-filled. To understand qualitatively the effect of two dimensionality
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Figure 6. The DOS in 2D and 3D electronic systems neglecting the Coulomb interaction.
The Fermi energyfEr) and the DOS at the Fermi levéN (Er)) for 65% filling of the band

are: (----- ) for 3D with 7, =1, =, = 1, Er = 09913 andN(Er) = 0.1405 (—);

for 2D with t, =1, = 1,1, = 0, Er = 0.6313 andN(Er) = 0.1631; ¢ - - -) for 2D with

t, =081, =04,1. =0, Er = 0.559 andN (Er) = 0.244. The area under each is normalized
to one.

on the DOS we have calculated the tight-binding DOS for two-dimensional (2D) and three-
dimensional (3D) electronic systems neglecting the Coulombic repulsion between electrons
and assuming certain parameter values just to illustrate the point made below. The result is
shown in figure 6. It is observed that the DOS is greatly enhanced in the 2D case (where
t, =ty =1t > t;) compared to that in the 3D case (wheye=t, = 1, = t) near half-filling

of the band. The 2D DOS fat, # ¢, is also shown in figure 6. We see that the splitting of

the Van Hove singularity at half-filing of the band in two-dimensional systems can greatly
enhance the DOS in the monoclinic structure for certain fillings of the band. This is likely
to be the reason for the large increase of the DOSxfer 0.3 compared to the case for

x =0.5.

The apparent anomaly ip for the composition withx = 0 is possibly due to magnetic
phase separation in the system. Neutron diffraction studies of manganite samples have
long shown that many of the hole-doped manganites become mixtures of ferromagnetic and
antiferromagnetic (or canted antiferromagnetic) phases [10, 11]. We observe here that the
magnetization at low temperatures (figure 4) is much smaller in the sample witB than
for the samples withx = 0.3 and 0.5 both at 1500 Oe and at 85 Oe. Thus possibly the
sample withx = O segregates into a mixture of ferromagnetic and antiferromagnetic phases
with unconnected ferromagnetic clusters embedded in an antiferromagnetic matrix. In this
situation the bulk heat capacity of the sample would include a large electronic contribution
to the heat capacity associated with the ferromagnetic clusters which are metallic, but the
electrical behaviour of the sample would be insulating due to the lack of a percolating
conducting path. Battlet al [12] have recently observed from neutron diffraction studies
that the compounds &r,Nd;.,Mn,0; are naturally biphasic with two very closely related
phases, of which only one shows long-range ferromagnetic ordering. It is not clear whether
a similar situation occurs for the present compound. In this context it might be noted that
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from neutron diffraction studies Perringt al [13] had observed that the paramagnetic
phase La,Sr gMn,0O; consists of long-lived antiferromagnetic clusters coexisting with
ferromagnetic critical fluctuations.

In summary, we have successfully synthesized the electron-doped layered manganites
Lags .Y, Ca7Mn,0;, x = 0, 0.3, 0.5, showing ferromagnetism and a metal-insulator
transition forx = 0.3 and 0.5. The materials display interesting behaviour in their magnetic
transport and electronic properties. It would be interesting to study the electron-doped
phase in detail, since the manganegéand which is responsible for the metallicity and
ferromagnetism is symmetric with respect to half-filling of the band in the parent material
(with all ions in the M+ state). We believe that the apparent lack of correlation bet@gen
and the metal—insulator transition and also the enhancemenivith increasing monoclinic
distortion can be understood by considering the effect of anisotropic double exchange in
the Mn—O-Mn network.

One of the authors (PR) would like to thank Srikantha Sil for pointing out the role of two
dimensionality in the DOS in these systems. The authors would also like tk §:&81Roy
for his help regarding SQUID measurements.
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