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Magnetic and electronic properties in hole-doped manganese oxides with layered structures:
Lat Srt+ Mn04
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Electrical resistivity (p) and magnetic susceptibility (X) were measured for single crystals of
La, ,Sr, + Mn04 (0.0(x(0.7), which were grown by the iloating-zone method with varying the nominal

hole concentration (x). With hole doping, critical temperature (Tpt) for the antiferromagnetic phase transition

decreases and eventually a spin-glass phase appears for X~0.2, perhaps due to the competition between the

generic antiferromagnetic superexchange interaction and the ferromagnetic double-exchange interaction. At
x= 2, real-space ordering of the doped holes occurs at -220 K, accompanying a steep increase of p as well as

a suppression of y.

Extensive studies on the normal-state properties in cu-
prate superconductors have aroused extended interest in the
correlated dynamics of spins and charges in perovskite
transition-metal oxides with 3d electrons. Among a number
of barely metallic 3d electron systems, hole-doped manga-
nese oxides with perovskite structure, e.g., La& Sr Mn03,
are known to be conducting ferromagnets, ' in which the
magnetic interaction is mediated by the transfer of the holes
(the so-called double-exchange interaction). Large nega-
tive magnetoresistance effects have been reported around the
magnetic phase transition temperature for these manganese
oxides, e.g. , Lat Pb Mn03 (x=0.31), Ndt Pb Mn03
(x=0.5), and Lat Sr Mn03 (x=0.1—0.4), which begins
to attract current interest in relation to possible application of
the giant magnetoresistance (GMR). In this paper, we will
report on electronic and magnetic properties for hole-doped
manganese oxides with layered perovskite structures
(KzNiF4 structure), single crystals of Lat Sr, + Mn04, and
deduce the electronic phase diagram as a function of the
nominal hole concentration (x) . The nominally hole-
undoped compound LaSrMn04 (x=0.0) is known to be an
antiferromagnet. In the solid solution, we can control the
effective Mn valence from 3+ (x=0.0) to 4+ (x=1.0),
without changing the two-dimensional Mn-0-Mn network.

Confinement of the Mn-0-Mn network in two dimensions
(Mn02 sheet) should reduce the one-electron 3d-band width
as compared with the perovskite compounds with three-
dimensional network. Especially in La& Sr&+ Mn04, car-
rier holes may have a large component of the d3, 2 „2orbital,
which extends perpendicular to the MnOz sheet. The result-
ant decrease of itineracy of the holes weakens the double-
exchange interaction, which may be inferior to the antiferro-
magnetic interaction. It is also possible that repulsive
Coulomb interaction between the less itinerant holes induces
some real-space ordering, analogously to the Verwey transi-
tion observed in magnetite Fe304. Recently, ordering of
the doped holes has been reported for nickel oxides with
layered perovskite structure, Laz Sr Ni04, at x=-,' and

=112
20

Pioneering work has been done by Rao et al. for ceramic
samples of La, ,Sr, +,Mn04 (0.25(x(0.75) Their re-
sults show the absence of the ferromagnetic transition in
this x range. We have grown single crystals of
La& Sr&+ Mn04 over the composition range of
0.0(x~0.7 and carefully investigated the change in mag-
netic and electronic properties as well as their anisotropy.
With hole doping, we observed the disappearance of the an-
tiferromagnetic (AF) phase transition and the subsequent
emergence of the spin-glass (SG) phase for x)0.2. Further-
more, we observed real-space ordering of the doped holes for
x=0.5 and resultant anomalies in magnetic and electronic
properties.

Single-crystalline samples of La& Sr&+xMn04
(0.0(x(0.7) were melt-grown by the fioating-zone method
at a feeding speed of 10—20 mm/h. First, a stoichiometric
mixture of La203 SrCO3, and Mn304 was ground and cal-
cined three times at 1250—1350 C for 10—30 h. Then, the
obtained powder was pressed into a rod with a size of 5 mm
QX60 mm and sintered at 1450'C for 12 h. Over the whole
concentration range, the ingredient could be melted congru-
ently. The nominally hole-undoped compound LaSrMn04
(x= 0.0) was grown in a flow of Ar (6N purity). Other crys-
tals were grown in an oxygenating atmosphere with con-
trolled 02 gas pressure: in a Bow of air for x =0.1, in a Row
of 02 for x=0.2—0.4, 2 atm of 02 for x=0.5, 3 atm of 02
for x =0.6, and 5 atm of 02 for x = 0.7. The obtained crystals
are easily cleaved along the c face, which is parallel to the
growth direction. To characterize the crystals, x-ray-
diffraction measurement as well as electron probe mi-
croanaiysis (EPMA) were carried out. The results indicate
that all the crystals are single phase and show nearly identi-
cal composition with the prescribed one. The crystal symme-
try is tetragonal (I4/mmm: the so-called K2NiF4 structure)
over the whole composition range. The c axis significantly
decreases with x from 13.17 A (x=0.0) to 12.40 A
(x=0.6—0.7), while the a axis is nearly independent of x
(3.80—3.86 A). The obtained lattice parameters agree with
the data reported for the ceramic samples. ' '
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FIG. 1. Temperature dependence of resistivity (p) for single
crystals of La, ,Sr, +,MnO„with various hole concentrations (x).
Solid and broken curves stand for the in-plane (p, b) and the out-

of-plane (p, ) components, respectively. A steep increase in p is
observed at a specific temperature (Tv) for x=0.5 and 0.6, as in-

dicated by upward arrows.

First, we show in Fig. 1 temperature dependence of resis-
tivity (p) for Lai Sr, + Mn04 with varying x value: Solid
and broken curves are for the in-plane (p, b) and the out-of-
plane (p, ) components, respectively. For four-probe resistiv-
ity measurements, the sample was cut into a rectangular
shape, typically 3 X 2 X 1 mm, and electrical contacts were
made with silver paste. The parent compound LaSrMn04
(x = 0.0) shows an insulating behavior with a thermal activa-
tion energy of —70 meV. A hole-doping procedure by sub-
stitution of the La sites with Sr considerably reduces p, b, yet
the system remains insulating or semiconducting. Motion of
the doped holes appears to be highly anisotropic: For
x=0.3, p, (dotted curve) is —10 times as large as p, b.
With further increasing x, p, b rather increases (see the
x=0.6 and 0.7 data in Fig. 1).

It is worth noting that p, b and p, for the x=0.5 sample
steeply increases at —220 K (upward arrows in Fig. 1).
Hereafter, Tv is deAned as the temperature at which the
p-T curve shows a steep increase. A similar rise of p, b is
also observed for x=0.6 at Tv-250 K (upward arrow),
while the anomaly appears to be absent for x=0.7. Absence
of the thermal hysteresis in the resistivity change implies a
second-order phase transition at Tz. In accord with these
anomalies in p, magnetic susceptibility (y) for x=0.5 and
0.6 also shows a singular behavior: The Curie-Weiss-like in-
crease of y in the high-temperature region (~300 K) begins
to be suppressed at around Tv (see arrows in Fig. 2). (Note
that enhancement of y below —100 K is a precursor of the
SG transition, as argued later. )

The transition at Tv is considered to be characterized as a
change in the electronic structure, rather than as a simple
structure change, because the singularities are observed in
the restricted x region (x=0.5—0.6), where no anomalous
behavior is observed in the room-temperature lattice param-
eters. It is likely that at x=-,' the holes produced on the
Mn02 sheets show a periodic arrangement on every other

FIG. 2. Temperature dependence of susceptibility (y, ; HIIc) for
single crystals of Lai Sr, + Mn04 measured with a field of 1 T
after cooling down to 5 K in the field. Open triangles stand for the
antiferromagnetic transition. The Curie-Weiss-like increase of y,
appears to be suppressed for x= 0.5 and 0.6, as indicated by down-
ward arrows. The inset shows the anisotropy of y for LaSrMn04
(x =0.0) measured with a field of 10 mT: Open and closed circles
are for the in-plane (y, b) and the out-of-plane (y, ) components,
respectively.

Mn site via the repulsive Coulomb interaction between them.
Hereafter, we call such a periodic arrangement of the holes
charge ordering (CO) state. In such a CO state, charge den-
sity would be modulated with twofold periodicity along the
[110] and [110] directions (i.e., along the diagonal of the
Mn02 square lattice), accompanied by the lattice modula-
tion. Figure 3 shows [001]zone-axis electron diffraction pat-
terns obtained at (a) 300 K (~ Tv) and (b) 110 K ((Tv) for
Lao sSr, 5Mn04 (x=0.5). A striking feature is the appear-
ance of sharp superlattice spots below Tv [see Fig. 3(b)],
which indicates a modulation parallel to the [110] (or
[110])direction. The observed fourfold modulation rather
than the expected twofold one may be due to the extra lattice
modulation induced by the ordering of the holes. Two series
of the spots along the [110]and [110]directions are likely to
come from different areas of the twined sample, judging
from the absence of the second harmonics like (-,',0,0).
Charge transport as well as magnetic susceptibility are con-
siderably affected in the CO state, as observed. This is be-
cause transfer of a hole to the neighboring site is disturbed
by the electrostatic potential produced by the ordered holes,
which results in an increase of p as well as a suppression of
y. Similar effects of the CO transition on the p-T and y-T
curves are observed in ceramic samples of La2 Sr Ni04 at

112x=3~

Now, let us proceed to magnetic properties of
Lai Sr1+ Mn04. The temperature dependence of magneti-
zation (M) was measured under various magnetic fields (H)
up to 1 T using a superconducting quantum interference de-
vice magnetometer. Apart from the lower temperature re-
gion (~150 K), where the spin-glass phase (vide infra) set
in, M is proportional to H. We show in Fig. 2 the tempera-
ture variation of the magnetic susceptibility (y= M/H) mea-—
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FIG. 4. Temperature dependence of magnetization (M) for
Lan 7Sr, ~Mn04 (x= 0.3) measured with a field of 1 mT after cool-
ing down to 5 K in the field (FC: open circles) and in the zero field
(ZFC: closed circle): (a) the out-of-plane and (b) the in-plane com-
ponents.

FIG. 3. [001]zone-axis electron diffraction patterns observed at

(a) 300 K and (b) 110 K for Lao&Sr, 5Mn04 (x = 0.5). Fundamental
diffraction spots are indexed with a tetragonal cell (a = b=3.57 A,
c = 12.49 A). The presence of superlattice spots is evident at 110 K
(lower figure).

sured with a magnetic field of 1 T applied parallel to the c
axis after cooling down to 5 K in the field (FC). The y T-
curves for 0.4~x~0.7 qualitatively agree with the previ-
ously reported data for ceramic samples. ' The inset shows
anisotropy of y for LaSrMn04 (x=0.0) measured with a
field of 10 mT: Open and closed circles are for the in-plane

(y, b) and the out-of-plane (y, ) components, respectively.
With decreasing temperature, y, shows a cusp at Tz-120 K
and then decreases, while y, b becomes nearly temperature
independent below T~. These behaviors are characteristic of
an antiferromagnetic (AF) phase transition with spins aligned
along the c axis, which is consistent with the spin structure
derived from the neutron diffraction. ' T~ (open triangles)
decreases with hole doping and vanishes for x~0.2. In the
high-temperature region (~300 K), the y Tcurves approxi--
mately obey the Curie-Weiss law. The estimated Curie tem-
perature is positive (60—110 K) for 0.2~x~0.6, implying
the ferromagnetic interaction mediated by the double-
exchange mechanism.

The spin-glass (SG) phase shows up in between x=0.2
and 0.6, perhaps due to the competition between the ferro-
magnetic double-exchange interaction and the antiferromag-
netic superexchange interaction. We show in Fig. 4 a typical
example of temperature variation of M: (a) the out-of-plane

(HIIc) and (b) the in-plane (HJ c) component for x=0.3.
The M value was measured with a field of 1 mT after cool-

ing down to 5 K in the field (FC; open circles) or in the zero
field (ZFC; close circles). The ZFC curve of the out-of-plane
component

I
closed circles in Fig. 4(a) j critically increases on

approaching T~-16 K from the high-temperature side and
then decreases showing a cusp structure. Below Tg, the FC
curve (open circles) starts to deviate from the ZFC curve.
These features, which are also seen in the in-plane compo-
nent [Fig. 4(b)], are characteristic of a SG transition. Simi-
lar SG transitions are observed at Tg-25 K for x=0.2, 0.4,
and 0.6 and -20 K for x=0.5.

To summarize, thus obtained transition temperatures for
Lai, Sri+ MnO&, i.e., Tz (AF transition), T„(SGtransi-
tion), and Tv (CO transition), are plotted in the lower plane
of Fig. 5. We also plot the values of dc conductivity (o,b).
and susceptibility (y, ) at 150 K in the upper panel, to see
x-dependent kinetics of the doped holes. These quantities,
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FIG. 5. Upper panel: Hole concentration (x) dependence of dc
conductivity (p, b

.
, closed circles) and magnetic susceptibility

(y, ; open circles) at 150 K for La, „Sr,+,Mn04. Lower panel:
Electronic phase diagram for La, ,Sr, +,.Mn04. AF, SG, and CO
stand for the antiferromagnetic, spin-glass, and charge-ordering
phases, respectively. Solid lines are merely a guide to the eye.
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i.e., o,»5o K and y, &5o K, are crude measures for the mag-
nitude of itineracy of the holes and the ferromagnetic inter-
action, which are least affected by the SG phase present at
lower temperature ((25 K). Both values increase with x up
to X=0.4, indicating that the double-exchange interaction
increases with a gain in kinetic energy of the holes. Such a
ferromagnetic interaction appears to induce the SG transition
in competition with the generic antiferromagnetic superex-
change interaction. The sudden reduction of these quantities

at X=0.5 obviously reflects an occurrence of the real-space
ordering of the holes (CO state). Thus, hole doping on the
layered perovskite manganese oxide produces the exceed-
ingly rich feature due to the correlated dynamics of spins and
charges.
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