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Insulator-metal phenomena depending on band filling (doping degree), temperature, and external
magnetic field have been investigated for prototypical double-exchange ferromagnets, namely, crys-
tals of La;_-SroMnO3 (0< z <0.6). The electronic phase diagram in the plane of the temperature
vs nominal hole concentration (z) has been deduced from the magnetic and electrical measurements
on the melt-grown crystals. Around the ferromagnetic transition temperature T¢, large negative
magnetoresistance was observed. Irrespective of temperature, reduction of the resistivity is scaled
with the field-induced magnetization (M) as —Ap/p=C(M/M,)? for M /M, < 0.3, where M, is the
saturated magnetization. The coefficient C strongly depends on x, i.e., C ~ 4 near the composi-
tional insulator-metal phase boundary (z. ~ 0.17), but decreases down to ~1 for  >0.4, indicating

the critical change of the electronic state.

I. INTRODUCTION

The discovery of high-temperature superconductivity
in hole-doped copper oxide compounds has aroused re-
newed and extended interest in the correlated dynamics
of spins and charges near the metal-insulator transition
in 3d transition-metal oxides with strong electron correla-
tion. In the course of the studies, electronic properties of
hole-doped manganese oxides with perovskite structure,
R;_;A:MnOj3 (R being rare-earth ions and A divalent
ions, e.g., A=Ca, Sr, Ba, and Pb),! have been revisited
and large magnetoresistance (MR) phenomena have been
reported.?”® In this paper, we report a comprehensive
study on the correlation between the electrical and mag-
netic properties in crystals of Laj_,Sr,MnOj3 with vari-
ous hole concentrations (z). A part of the results of the
MR effects for the =0.175 crystal have been published.®
Here, we describe the whole feature of the z-dependent
electronic and magnetotransport properties in crystals of
La;_;Sr;MnO; (0.0< z <0.6).

The ferromagnetic state in these manganese oxides
has long been known as a prototypical example for the
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double-exchange interaction.® 2 The Mn3* ion in nom-
inally hole-undoped LaMnO3 has the electron configu-
ration of t3 e’. The end insulator LaMnOj is a charge-
transfer (CT) insulator, in which the gap transition corre-
sponds to the CT excitation from O 2p to Mn 3d state.'3
Among the four 3d electrons on the Mn site, 3  elec-
trons may be viewed as a local spin (S=3/2) because of
relatively poor hybridization with O 2p states, while the
strongly hybridized e; state is either itinerant or local-
ized as the case may be. Deviation of the ey band filling
(n = 1—z) from n=1, or the so-called hole doping, causes
an insulator-metal transition.!* A distinct feature of such
a barely metallic state in the manganese oxides is that
there is strong exchange interaction (J; Hund coupling)
between the itinerant ey electrons (or holes) and the local
tag spins. The interplay between the configuration of the
local spins and the dynamics of the ey carriers governs the
electronic properties including the temperature and mag-
netic field-dependent metal-nonmetal phenomena. Af-
ter the pioneering works on ceramics of La;_,Ca;MnO3
and La;_,Sr,MnO3,'4 16 Searle and Wang'” reported in
1969 the first MR measurements on a flux-grown single
crystal of La;_,Pb,MnOj3 (£=0.31). Kubo and Ohata®
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derived the expression of the temperature and magnetic
field dependence of the resistivity using the Drude ap-
proximation on the basis of the Kondo lattice model with
ferromagnetic coupling (J > 0). Recently, Furukawa'®
has calculated the resistivity as a function of the mag-
netization using the Kubo formula in the limit of the
classical spin (S=00) and infinite dimension (D=00) for
the Kondo lattice model, and given a mean-field inter-
pretation to the problem why the MR in the hole-doped
manganates can be so large.

Here, we present the experimental investigation on the
MR effect with particular emphasis on its conspicuous
filling (or nominal hole concentration) dependence, which
is to be elucidated perhaps beyond the mean-field ap-
proximation. To correlate the charge dynamics with the
spin dynamics, a high-quality crystal is needed. This is
partly because the ceramics sample suffers from the car-
rier scattering at the grain boundaries, where the modifi-
cations of the microscopic magnetic structures likely take
place. In fact, the metal-nonmetal phenomena as well as
the magnetotransport properties of the crystal differ con-
siderably from those of the ceramics samples. Another
important fact to be noticed is that the electronic and
magnetic properties critically depend on z in the hole-
doped Mn oxide, and hence the finely and systemati-
cally filling-controlled samples are indispensable for the
detailed investigation. For this purpose, we have grown
crystals of La;_,Sr,MnOj with controlled band filling
(0 < z < 0.6) by the floating-zone (FZ) method.

The format of the present paper is as follows. In Sec.
11, we describe details of the crystal growth with use of
a FZ furnace as well as measurements for the resistiv-
ity and magnetization under magnetic field up to 15 T.
The overall electronic phase diagram for La;_,Sr,MnOg
as a function of z is presented in Sec. III on the ba-
sis of the results of the simultaneous electrical and mag-
netic measurements. The static magnetic structure in
La;_,Ca;MnO3 and related compounds have been thor-
oughly investigated for the ceramics samples so far, 4716
yet the correlation between the spin dynamics/structures
and charge transport properties was left to be clarified.
Section IV is devoted to the magnetotransport proper-
ties. We describe the results of the MR measurements
with a magnetic field up to 15 T. The magnitude of the
negative MR, defined by —[p(H) — p(0)]/p(0), reaches as
large a value as 0.95 around T¢ for the ferromagnetic
phase transition. Furthermore, z-dependent behavior of
the MR is argued in terms of the mean-field-type inter-
pretation of the Kondo-lattice model with ferromagnetic
coupling (J > 0), and interpreted as a crossover of the
system from strong coupling (J > W, where W is the
one-electron bandwidth) to weak coupling regime with
increase of x. The summary is given in Sec. V.

II. EXPERIMENTAL

Crystals of La;_,Sr,MnOg3 were grown by the FZ
method. The starting materials were La;O3, SrCOg, and
MnCOj3;. LayO3 was fired in air at 1200 °C for 12 h before
use. MnCO3 was also calcined in air at 1200 °C for 12 h to
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form Mn3QO,, which is the most stable compound in the
Mn-O systems. Then, the raw materials were weighted to
a prescribed ratio, mixed, and stirred with acetone for 1 h
in a ball mill. The mixture was heated at 1200 °C for 24 h
in air. The prereacted materials were then pulverized and
mixed again. After this process, a feed rod was formed
to a cylindrical shape of about 5 mm in diameter and 80
mm in length with pressure of 2 ton/cm? and heated at
1200 °C in air for 12 h. The apparatus used for the crystal
growth was the FZ furnace equipped with two halogen in-
candescent lamps and hemielliptic focusing mirrors. The
feed and seed rods were rotated in opposite directions at
a relative rate of 50 rpm and the melted zone was verti-
cally scanned at a speed of 8-10 mm/h. The atmosphere
during the crystal growth was changed with the crystal
composition; in a flow of argon gas for =0, 0.05, air for
z = 0.1-0.25, and a mixture of oxygen and argon gas for
z = 0.3-0.6. Those conditions adopted for the crystal
growth are summarized in Table I together with the Néel
temperature (T ), the Curie temperature (T¢), and the
saturated magnetization (M,). Tc was determined from
temperature dependence of ac susceptibility. The crys-
tal structure was examined by x-ray powder diffraction
with Cu K« radiation, which indicated that all the sam-
ples were single phase. The crystal structure at room
temperature changes from orthorhombic (Pbnm, Z=4;
xz < 0.175) to rhombohedral (R3c, Z=2; =z > 0.175).
The change of the lattice parameters is shown against z
in Fig. 1. Analyses of chemical composition were carried
out using an electron probe microanalyzer (EPMA), re-
dox titration, and thermogravimetry (see Table I). The
obtained crystals with 0 < z < 0.4 show the nearly iden-
tical composition with the prescribed one.

Resistivity measurements were performed using the
conventional four-probe method. Electrodes were formed
with heat treatment type silver paint. The sample was
cut into a rectangular shape, with the typical dimension
of 3x1x0.5 mm3. The high-temperature measurements
above 300 K were conducted in an atmosphere of Nj.
Magnetization (M) was measured with a superconduct-
ing quantum interference device magnetometer (poH < 5
T). Measurements of M at higher fields (uoH < 15 T)
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FIG. 1. Lattice parameters for La;_.Sr;MnOgs crystals at
room temperature.
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TABLE I. Conditions for the crystal growth by the FZ method and results of the characterization
of La;_;Sr;MnOj. %Mn*" shows the nominal Mn valence of the obtained crystal (ideally z for
the stoichiometric sample) obtained by the redox titration. EPMA indicated that the metal com-
position (La/Sr/Mn) is nearly identical with the prescribed one within the experimental accuracy
of £2%. T'n, Tc, and M, mean the Néel temperature, the Curie temperature, and the saturated

magnetization, respectively.

x Method  Atmosphere ~ %Mn** Tn (K) Tc¢ (K) Structure M, (up/Mn site)

0.00 FZ Ar 2 143 Orthorhombic

0.05 FZ Ar 7 139 Orthorhombic

0.10 FZ air 12 145 Orthorhombic 3.6
0.15 FZ air 15 238 Orthorhombic 4.2
0.175 FZ air 17 283 Rhombohedral 4.0
0.20 FZ air 19 309 Rhombohedral 3.9
0.25 FZ air 19 342 Rhombohedral 3.9
0.30 FZ Ar 50% Oz 50% 28 369 Rhombohedral 3.5
0.40 FZ Ar 50% Oz 50% 36 371 Rhombohedral 3.4
0.60 FZ O, 54 357 Rhombohedral 3.3

were carried out using a pulse magnet. MR was measured
with a superconducting magnet in the temperature range
of 4.2-400 K. The MR was nearly isotropic, and all the
results we presented are for the longitudinal configura-
tion; I || H.

III. INSULATOR-METAL PHENOMENA

We show in Fig. 2 temperature dependence of resistiv-
ity (p) of La;_,Sr;MnO3 (0 < z < 0.4). Arrows indicate
the Curie temperature (T¢) determined by ac suscepti-
bility measurement, which nearly agrees with those of
the corresponding ceramics samples.!* No ferromagnetic
phase transition is observed for < 0.05. A conspicuous
change in p is observed at around T¢ (downward arrows).
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FIG. 2. Temperature dependence of resistivity for

La;_oSroMnOg3 crystals. Arrows indicate the critical tem-
perature for the ferromagnetic phase transition. Anomalies
indicated by open triangles are due to the structural transi-
tion (see text).

Above £=0.175, metallic conduction is observed in the
low-temperature ferromagnetic phase (T < T¢). By con-
trast, p at £=0.1 and 0.15 once decreases immediately
below T, but then, increases due to scme localization
effects (vide infra). In the high-temperature paramag-
netic phase (T > T¢), the p — T curve is still charac-
teristic of nonmetal (semiconductor), i.e., dp/dT < 0,
for £ < 0.2. The curve becomes metallic with further
increasing (> 0.3). Anomalies indicated by open tri-
angles for z = 0.15, 0.175, and 0.2 crystals are due to
the structural transition from the rhombohedral (R3c;
Z=2) to orthorhombic (Pbnm; Z=4) form.'® These well-
defined critical temperatures for the magnetic (7T¢) and
structural (7) transitions ensure the homogeneity of the
composition within the sample.

We show in Fig. 3 the correlation between the
temperature-dependent changes of p and M for various
samples with £=0.15, 0.175, 0.2, and 0.3. Because of the
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FIG. 3. Correlation between the temperature dependence
of resistivity and magnetic moment for La; _oSrMnO3 crys-
tals; (a) £=0.15, (b) =0.175, (c) =0.20, and (d) z=0.30.
All the data shown were taken with a magnetic field of 0.5 T.
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nonremanent behavior of the magnetization in the ferro-
magnetic phase, the M-T and p-T curves were measured
with a biased field of 0.5 T. As is clearly seen in Fig. 3, p
shows a steep decrease in accord with the onset of the fer-
romagnetic magnetization. Thus, observed temperature
dependence of p can be interpreted in terms of the carrier
scattering by thermal spin fluctuation as well as the de-
crease of the hole-carrier effective mass.® %18 The elec-
tron (hole) transfer (t;;) between the neighboring sites
depends on the relative angle (A#;;) of the local spins in
such a manner as t;;=tocos(Ad;;/2).12 The ferromagnetic
spin arrangement reduces the randomness of the trans-
fer. Semiconducting behavior above T¢ for z < 0.175 [see
Figs. 3(a) and 3(b)] may be due to the thermal spin fluc-
tuation and resultant spatial randomness of the transfer
interaction (off-diagonal disorder effect).

Contrary to the case near T¢, resistivity in the low-
temperature regime (Fig. 4) seems to be governed by the
electron-electron scattering process. The spin wave scat-
tering in the ferromagnetic phase® is predicted to con-
tribute to the low-temperature resistivity in the form of
T9/2. As seen in Fig. 4, however, the temperature de-
pendence of the resistivity of the @ = 0.2-0.4 samples
is described such as p(T)=p(0) + AT? (T < 200 K). (A
small structure indicated by open triangle is due to the
aforementioned structural transition.) The observed T'2
dependence as well as the reduction of the coefficient A
with z (see the inset) suggests an important role of the
electron-electron scattering process, reflecting the strong
electron correlation inherent in the present manganates
system.

We summarize in Fig. 5 the electronic phase dia-
gram of La;_,Sr;MnOg3. The low-temperature phase is
known to be the spin-canted antiferromagnetic phase for
0 < z < 0.1 and ferromagnetic phase x > 0.1.1% The fer-
romagnetic transition temperature T (filled triangles)
increases with z and reaches the maximum (= 370 K)
around z=0.4. The critical temperatures for the antifer-
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FIG. 4. Temperature dependence of resistivity in the
low-temperature region (<200 K) for Laj_SroMnOs crys-
tals. The T dependence of resistivity [p(T)=p(0) + AT?] was
observed. Inset shows the coefficient A against the nominal
hole concentration . An open triangle represents the struc-
tural transition (see text).
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FIG. 5. Electronic phase diagram of La; _;Sr.MnOj3. Open
circles and filled triangles are the Néel (T) and Curie (T¢)
temperatures, respectively. The abbreviations mean param-
agnetic insulator (PI), paramagnetic metal (PM), spin-canted
insulator (CNI), ferromagnetic insulator (FI), and ferromag-
netic metal (FM).

romagnetic (T} and ferromagnetic (T¢) phase transi-
tion are listed in Table I. We may classify the electronic
phase into the following five categories according to the
spin configuration and the electrical conduction: Below
the magnetic transition temperature, the three phases are
present; a spin-canted antiferromagnetic insulator (CNI)
in the low-doped region (z < 0.1), a ferromagnetic in-
sulator (FI) in the region of 0.1 < z < 0.15, and a
ferromagnetic metal (FM) in the high-doped region of
z > 0.15. Above the magnetic transition temperatures
(T~ and T¢), on the other hand, the nonmetal (PI)-to-
metal (PM) transition appears to occur around = = 0.3.

Among these five phases, the FI phase is to be fur-
ther mentioned, since a simple theory considering the
double exchange interaction predicts only the metallic
ferromagnetic phase at low temperature. The less itiner-
ant conduction electron is amenable to localization effect
due to the random impurity (i.e., substituted Sr ions)
potential or the electron-lattice interaction. Application
of hydrostatic pressure (~ 1 GPa) and resultant increase
of the itineracy makes the system metallic down to zero
temperature, nearby the filling-induced insulator-metal
phase boundary (z. ~ 0.17).2° Even the localized carri-
ers, which cannot contribute to the macroscopic charge
transport, may mediate the ferromagnetic interaction be-
tween the neighboring local spins to cause the ferromag-
netic phase in a bond-percolative manner.

IV. MAGNETORESISTANCE

On the basis of the observed correlation between the
resistivity change and the onset of the net magnetization
(Fig. 3), an intuitive view on the MR effect is obtained to
be as follows: The applied magnetic field tends to align
the local spin and reduces the spin scattering of the con-
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duction electron. In Fig. 6, we show the magnetic field
effect on the resistivity (the longitudinal MR; I || H) for
(a) ¢ = 0.15, (b) z = 0.175, and (c) z = 0.20. The
MR was found to be nearly isotropic; the transverse MR
is only a few percent smaller in the absolute magnitude
than the longitudinal MR possibly due to diamagnetic
correction effect. Large negative MR is observed around
Tc for all the samples. The negative MR value defined as

—[p(H) — p(0)]/p(0) is also plotted in Fig. 6 by open cir-
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FIG. 6. Temperature dependence of resistivity for
La; ;Sr;MnOj; crystals under various magnetic fields; (a)
z=0.15, (b) z=0.175, and (c) z=0.20. Open circles
represent the magnitude of negative magnetoresistance
—[p(H) — p(0)]/p(0) with a magnetic field of 15 T. Open tri-
angles represent the structural transitions (see text).
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cles with a field of yuoH = 15 T. The MR value becomes
as large as 0.95 around 240 K in the z = 0.15 sample
[Fig. 6(a)]. Together with the change in sign of the tem-
perature gradient of p, the observed MR phenomena im-
mediately above T may be interpreted as a field-induced
nonmetal-metal transition. Incidentally, anomalies in the
MR curves (open triangles) are due to the rhombohedral-
to-orthorhombic structural transition. The observation
indicates the field-induced shift of T, toward the low-
temperature side. This phenomenon as well as its mech-
anism are described in a separate publication.!® Let us
focus here on the overall features of the MR correlated
with the field-induced magnetization (M).

We show in Fig. 7 the correlation between the field-
induced changes in p and M for (a) £=0.15 and (b) the
=0.175. As clearly seen, the magnitude of the MR cor-
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FIG. 7. Reduction of the resistivity (upper panels) and
magnetization (lower panels) with an external magnetic field
for La; _-SroMnO3 crystals; (a) £=0.15 and (b) z=0.175.
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relates with the change in M; the MR is large around T¢
but is very small far below T¢, for example, at 78 K at
£=0.175 [see Fig. 7(b)]. [The rapid rise of the magneti-
zation curve in the low-temperature phase (T < T¢) is
due to the domain motion in the present soft ferromag-
net, which least affects the p value.] For the semicon-
ducting (but ferromagnetic) z=0.15 sample [Fig. 7(a)],
however, the MR effect seems to persist at 78 K where
the magnitude of M is readily saturated with a nearly
classical value (~4pp) above ~ 0.2 T. This is perhaps
related to the Anderson localization of the fully spin po-
larized ey carriers. Nevertheless, the MR shows minimal
anisotropy for the longitudinal and transverse field con-
figurations. This phenomenon is left to be clarified.
With use of the M-H and p-H curves at respective
temperature, we have deduced the change of the resis-
tivity as a function of M. The net magnetization rep-
resents the averaged ordered moment of sum of the ty,
spins and the forcedly aligned e, spin on the identical
Mn site. The results for the 2=0.175 sample are shown
in Fig. 8, in which the magnetization on the abscissa is
normalized by the classical value (Mg=4up) in the case
of the n=1 filling of the e, band. Looking at the p-
M curve, one may notice that the experimental points
taken at different temperatures above T¢c show an ap-
proximately identical curve in spite of seemingly differ-
ent MR behaviors [see Fig. 7(b)]. In Fig. 8 is also shown
the p-M curve, which was obtained by the temperature
dependence of the p and M data taken at a field of 0.5
T [see Fig. 3(b)]. The curve shows a similar trace to the
universal curve obtained from the field dependence. The
good coincidence suggests that the p-T curve is also gov-
erned by a similar scattering process to the case of the
MR. The experimental points taken below T¢ draw hori-
zontal lines (dashed lines) in the low-M region, but merge
to the universal curve in the high-M region (M ~ Mj).
In other words, the initial magnetization governed by
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FIG. 8. Change of the resistivity as a function of magneti-
zation for La;_.SroMnOj; crystal (£=0.175). The points are
obtained from the p-H and M-H curves at respective tem-
peratures. The solid line is obtained using the p-T and M-T
curves with a biased field of 0.5 T.
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the domain wall displacement (typically below 0.2 T)
does not represent the magnitude of the field-induced
moment on the respective Mn site, and hence does not
influence the carrier scattering process. A small but sys-
tematic discrepancy between the temperature-variational
and field-variational curves is observed in the high-M re-
gion. This is likely contributed from the temperature-
dependent scattering process, such as electron-electron
(see Fig. 4) and electron-phonon scattering. Further-
more, the effect of the quantum fluctuation of the local
spin may play some role in the carrier scattering because
of extremely strong mutual coupling.

Finally, let us show the result for the filling-dependence
of the MR effects. In Fig. 9 we plot the negative MR value
—[p(H) — p(0)]/p(0) measured immediately above T (at
1.01T¢ and 1.05T¢) against (M/Mg)? for £=0.175, 0.3,
and 0.4. As is seen in Fig. 9, M dependence of the MR
value is well expressed by a scaling function:

~[p(H) = p(0)]/p(0) = C(M/M)?, (1)

at least in the relatively low-M region, say M < 0.3M,.
One may notice that the coefficient C remarkably de-
pends on the = value. The scaling constant C is rather
high, about 4, near the metal-insulator phase boundary
(indicated by an arrow in the inset), but steeply decreases
with z and become ~1 at £=0.4 (see the inset).
Concerning the MR magnitude as scaled by Eq. (1),
there have been several theoretical investigations on the
basis of the s-d model Hamiltonian or Kondo-lattice
Hamiltonian with ferromagnetic coupling (J > 0).%18
For example, the calculation using the phenomenological
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FIG. 9. Magnitude of magnetoresistance —Ap/p(0) as a
function of (M/M,)? for La;_,Sr,MnO; crystals. Filled
and open circles are at T=1.017¢ and T=1.05T¢c, respec-
tively. A dashed line represents the theoretical curve in the
weak-coupling limit of the Kondo-lattice model (see text). In-
set shows the x dependence of the scaling constant C in the
relation that —Ap/p(0) = C(M/M,)? at T = 1.01Tc. A
downward arrow indicates the compositional insulator-metal
boundary (z. ~ 0.17).
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Drude-like assumptions® predicts C=1 in the case of the
present manganates (S=2). Recently, Furukawa'® has
calculated the constant C' as a function of the band fill-
ing n(= 1 — z) and the coupling strength (Hund energy)
J using Kubo formula in the limit of S=o00 (i.e., classical
spin) and infinite dimension (D=00). He showed that the
calculated value of C' can exceed unity, e.g., about four
in the case of the strong coupling where J is much larger
than the one-electron bandwidth W, but becomes C ~ 1
in the weak coupling limit. The presently observed re-
sults clearly indicate that the decrease (increase) of the
band filling » (nominal hole concentration x) drives the
system effectively towards the weak coupling regime.

V. SUMMARY

With use of melt-grown crystals of La;_,Sr,MnOs3,
we have investigated the transport and magnetic prop-
erties relating to the insulator-metal transition driven
by carrier-doping and clarified the correlation between
them. Large negative MR phenomena were observed
near the critical temperature T¢ for the ferromagnetic
phase transition. Magnetic field-dependent as well as
temperature-dependent resistivity is well scaled with M.
In the relatively low-M region (M < 0.3M,, M, being
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the saturation moment of ca. 4up), the negative MR
value is well described as —Ap/p(0)=C (M /M,)? over the
whole range of z. The = dependence of the coefficient C
indicates that the hole-doping procedure drives the sys-
tem towards the weak coupling regime. The mean-field-
type theory for the ferromagnetic Kondo-lattice model
explains why the coefficient C' (or the MR magnitude in
the low-M region) can be so large (C' ~ 4), yet effect
of the quantum fluctuation of the local spins should be
taken into account for the quantitative understanding of
the MR phenomena in the high-M region as well as of
the low-temperature transport properties.
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