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Magnetotransport measurements of high-quality single crystals of Lag.gPbo.4MnOs_s and
Ndo.6(Sro.7Pbo.3)0.4MnO3s_s show a close relationship between giant magnetoresistance and the
ferromagnetic ordering transition in these materials. In contrast to results for thin film and poly-
crystalline materials, magnetoresistance of these single crystals vanishes as T —0. A two-component
polaron model provides a possible framework for the interpretation of the previously unexplained
variation in the functional form of p(H) above and below the Curie temperature.

The  recent discovery  of giant  magneto-
resistance (GMR) in perovskite manganites such
as Nd;_,M,MnO; [M=Pb! M=Sr (Ref. 2)] and

Laj;_M,MnO; [M=Ba, Sr,* Ca,>® or Pb (Ref. 7)]
and in particular the observation of so-called “colos-
sal” magnetoresistance in La;_,Ca,MnOj3 (Ref. 5) and
single-crystal Nd;_,Pb,MnOs3,! has sparked renewed in-
terest in these long-known materials®~!! with an eye
towards both an understanding of the mechanism and
application of GMR in magnetic devices such as read
and/or write heads for magnetic disk drives. The gen-
eral manganite perovskite formula unit of L;_,M,MnOg
(L=lanthanide, M=alkaline earth or lead) contains L
and/or M ions at the corners of a simple cubic cell,
with the smaller Mn ions at the cube centers and
the oxygen ions located at the face centers. Over a
range of doping from = ~ 0.2-0.5 the manganites ex-
hibit sharp transitions between a high-temperature para-
magnetic semiconductorlike phase to a low-temperature
ferromagnetic metal.®!2 Although the general form of
the resistivity and magnetization is similar across differ-
ent samples, the transition temperature, peak resistivity,
and peak magnetoresistance appear to depend sensitively
on sample processing conditions and doping level, with
larger magnetoresistances being observed for samples
with lower transition temperatures within the same par-
ent system.'27* While attention has focused on the very
large magnetoresistance (MR) obtainable for materials
with low (~100 K) transition temperatures, relatively lit-
tle work has been done on single-crystal samples.!>!%16
In particular, the T' —0 behavior of the MR in a single-
crystal sample had not been measured and the variation
in the field dependence of the resistivity above and be-
low the transition remains unexplained. We have synthe-
sized high-quality single crystals of Lag.¢Pbo.4MnOs_;s
and Ndg.¢(Sro.7Pbo.3)0.4MnO3_s to obtain intrinsic bulk
magnetotransport properties and address these unan-
swered questions regarding the origin of the exceptionally
large magnetoresistance in these materials.

Single crystals of Lag ¢Pbg. 4MnO3_g and
Ndo.6(Sro.7Pb0.3)0.4MnO3_5s were prepared using a
flux method.»»'” A 5:1 by weight mixture of flux
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(equal weights of PbO and PbF;) and stoichiometric
Lag.67Pbo.33MnO3 or Ndg.e7Sre.33MnO3 powder (from
oxide precursors) was finely ground and loaded into Pt
crucibles covered with Pt lids. The Pt crucibles were
then inserted into covered alumina crucibles. The loaded
crucibles were heated in air from room temperature to
1700 K over 3 h, maintained at 1700 K for 16 h, and
then slowly cooled to 1300 K at a rate of 2 K per hour,
at which point the furnace was turned off and the sam-
ples were allowed to return to room temperature. The
powder partially melts during the 1700 K soaking period.
Crystals grow during the slow cooling.

Thick, shiny, rectangular parallelepiped single crystals
of typical dimensions 1 mm X 1 mm X 0.3 mm were ex-
tracted from the exposed surface and from cavities within
the solidified flux. Energy dispersive x-ray (EDX) spec-
troscopy revealed that a modest amount of Pb%* ions
from the flux had been introduced into the Nd-Sr-Mn-O
crystals. The crystals used in this study were uniform in
composition with La:Pb:Mn and Nd:Sr:Pb:Mn ratios of
0.6:0.4:1.0 and 0.6:0.28:0.12:1.0, respectively, within the
accuracy of the EDX measurements. Figure 1 shows an x-
ray diffraction pattern for a Ndo.¢(Sro.7Pbo.3)0.4MnO3_s
single crystal. Only sharp (001) and (002) peaks are
observed, demonstrating the high quality of the crystal.
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FIG. 1. X-ray diffraction pattern of a

Ndo.6(Sro.7Pbo.3)0.aMnO3_s single crystal. The reflections
(hkl) are indexed as shown.
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The x-ray results show that the erystal has cubic sym-
metry with a lattice constant of 3.86 A.

The resistivity was measured using a conventional dc
four probe technique over temperatures from 4 to 350
K and fields ranging up to 7 T. Magnetic susceptibility
of the crystals was measured with a commercial super-
conducting quantum interference device magnetometer.
Figure 2 shows the temperature dependence of the re-
sistivity for a Ndo.6(Sro.7Pbo.3)0.4MnO3_s single crystal
at 0 and 6 T. The temperature dependence of the mag-
R(6 T)—R(0 T)

R0 T)
showing the characteristic negative MR peak near the re-
sistivity transition. For zero applied field the resistivity
reaches a maximum at roughly 256 K; below this temper-
ature the resistivity falls rapidly while the magnetization
rises to its saturation value. An applied field of 6 T raises
the transition temperature and broadens and suppresses
the resistivity peak, yielding a large magnetoresistance
over a wide temperature range. The resistivity at 256 K
decreases by over 50% under application of a 6 T field.
The inset shows the temperature dependence of the mag-
netization at 1 T for the same crystal, clearly showing the
magnetic transition associated with the resistive transi-
tion and the peak in the magnetoresistance. The satu-
ration magnetization is close to the theoretical value of
83 emu/g for the relevant concentrations of Mn3* and
Mn**. The spontaneous magnetization and hysteresis
are extremely small, providing additional evidence of the
high quality and purity of the single-crystal samples.

Figure 3 shows the temperature-dependent resistivity
of a Lag gPbp.4MnO3_s single crystal at 0 and 6 T, the
inset showing the magnetization as a function of temper-
ature at 1 T. The resistivity at zero field peaks at 355 K,
and the maximum MR of —64% occurs above room tem-
perature at 314 K. The large, broad MR peak above room
temperature holds promise for exploitation in device ap-
plications. Keeping in mind the general trend of increas-
ing magnitude of MR with decreasing transition temper-
ature, these lead-doped manganite perovskites promise
further increases in MR upon adjustment of doping level
and processing conditions.

At low temperatures virtually no magnetoresistance

netoresistance, defined as , is also plotted,
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FIG. 2. Temperature dependence of the electrical resistiv-
ity and magnetoresistance %l for a single crystal
of Ndo.6(Sro0.7Pbo.3)0.4aMnO3_s. The inset shows the mag-
netization M versus temperature at H = 1 T for the same
crystal.
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FIG. 3. Temperature dependence of the electrical resistiv-
ity and magnetoresistance R(s ;)0_ ggo D for a single crystal
of Lag.6Pbo.sMnOg3_s. The inset shows the magnetization M
versus temperature for an applied field of 1 T for the same

crystal.

is observed for either sample, in contrast to the results
obtained previously for polycrystalline materials.}?13 As
T —0 spin fluctuations are frozen out within each mag-
netic domain, arguing against the possibility of intrinsic
MR at T'=0. The finite MR obtained for polycrystalline
samples at T'=0 most likely results from scattering at
grain boundaries or possibly defects. Domain wall scat-
tering is an unlikely source of the finite 7=0 MR in poly-
crystalline samples since our single crystals, which also
contain domain walls, have zero MR as T —0. Nonmag-
netoresistive grain boundaries have been proposed as the
cause of the smaller MR observed in polycrystalline sam-
ples as compared to epitaxial thin films.® However, the
overall magnitude of the MR in our single crystal sam-
ples is comparable to polycrystalline materials, indicating
that the absence of grain boundaries is not the critical
ingredient in obtaining the largest MR.

Figure 4(a) shows the field-dependent resistivity for a
Lag ¢Pbo 4MnO3_s crystal normalized by the values at
zero applied field. Below the transition temperature T¢
the resistivity decreases linearly with field at moderate
fields, eventually following a roughly exponential behav-
ior. The resistivity above T¢ is quadratic in the magnetic
field over a broad range of field. This behavior can be
interpreted within a generalized two-component polaron
model in which the difference in relative concentration
of charge carriers with spins parallel versus antiparallel
to the field gives rise to the differing behaviors of p(H)
above and below T¢.

The preconditions for polaron formation, namely,
large electron-lattice coupling and low electronic hop-
ping rates, appear to be satisfied for the manganite
perovskites.'® Consider a model with two flavors of
charge carriers, spin up and spin down electrons, which
act as polarons with spin-dependent binding energies
Ey(ct) and Ey(cy), respectively, where ¢t (c) is the frac-
tion' of spin-up (-down) electrons. We obtain a polaron
conductivity!®

1 Ep(eq) Epley)
oo g (cTe_ °r +ce” bTJL) . (1)

Expressing the conductivity in terms of the reduced mag-
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FIG. 4. (a) Magnetic field dependence of the resistivity for
the same Lao.Pbo.4MnOj3_s crystal as in Fig. 3. The resis-
tivities are normalized by the respective zero-field values. (b)
Theoretical fit for the two-component lattice polaron model
discussed in the text.

netization of the conduction electrons defined as m =
¢+ — cy yields

By (3 (1+m)) By(3a-m)

1
o5 (1+m)e” T +(1-m)e” T ,

which can be expressed in the general form
1
o oc o (f(m) + f(=m)). 3)

Ep is expected to be a smooth function of m, particularly
for m small, so that we can make a Taylor expansion of
f(m) for |m| < 1. The linear terms cancel and (M) is
well approximated by the constant and quadratic terms.
Since the magnetization for m <« 1 is linear in the ap-
plied field, the resistivity is quadratic in the magnetic
field whenever the magnetization is small. At low to
moderate fields above the transition (i.e., the regime in
which m <« 1) we observe this quadratic dependence of
resistivity on field.?° Note that this behavior is general
to a differentiable two-component model irrespective of
the detailed physics.

At temperatures below the transition the conductiv-
ity in the polaron model is dominated by the majority-
spin carriers. Sufficiently close to the transition Eq. (2)
should still be valid (at lower temperatures the majority-
spin polarons unbind and hence other scattering pro-
cesses dominate). The dominant term in the field-
dependent conductivity then arises from the majority
spin component, yielding the near-exponential behavior
of p(H) observed in Fig. 4(a) for T < Tc.
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Within a polaron model of GMR the transition from
semiconductorlike to metalic behavior results from an un-
binding of the polarons in the magnetically ordered state.
A small lattice polaron forms when the residence time
of an itinerant electron on a given lattice site becomes
comparable to a characteristic optical phonon frequency;
for sufficiently slow hopping rates and sufficiently large
electron-phonon coupling the system becomes unstable
to the localization of charge carriers within small lat-
tice distortions. Disorder in the electronic hopping rates
may further encourage polaron formation through initial
nucleation at the most favorable sites followed by pref-
erential polaron formation at adjacent sites.?! Relatively
small changes in electronic hopping rate can drive a sys-
tem through an instability into a polaronic phase.

Within double exchange theory the hopping of elec-
trons between sites of antialigned ionic spin is suppressed
by Hund’s rule.®1® This suppression of electronic hop-
ping by the spin disorder in the high-temperature para-
magnetic phase may be sufficient to cause polaron forma-
tion. The alignment of the spins upon cooling through
the magnetic transition may then reduce the residency
times of the majority-spin carriers sufficiently to unbind
the majority-spin polarons. A polaronic instability ac-
companies the spin-ordering transition. We emphasize
that within double exchange alone the change in elec-
tronic hopping rates at the magnetic transition produces
only a small change in resistivity!®'®—it is the transi-
tion to a polaronic state which can account for the large
observed change in resistivity.

A slightly more detailed picture of the two-component
polaron model can be obtained by taking the simplest
possible form for Ej, namely, Ey(ct) = v (1 — ¢t), with
7 an arbitrary constant. This expression may be con-
sidered a lowest order Taylor expansion for the true
Ey(ct), wherein the polarons are completely unbound
in the spin-ordered state. We assume that the frac-
tional spin alignment of the conduction electrons is ac-
curately reflected by the total magnetization, localized
electrons included, so that we may use the experimen-
tal magnetization curves to determine the fractional spin
concentrations.?? Choosing v = 900 K, we obtain the
normalized resistivity versus field curves shown in Fig.
4(b). The semiquantitative agreement with experiment
(for only one free parameter beside the overall scale) sug-
gests that perhaps this model has captured the essential
physics.

Magnetopolarons would be expected to be subject to
the same physical effects of changes in hopping ampli-
tudes as lattice polarons. A magnetopolaron model con-
tains an additional source of unbinding in that the scope
for a local spin distortion decreases strongly as the spins
become ordered. Although a detailed analysis of con-
ductivity within a magnetopolaron model would be more
involved than the simple treatment given here for lat-
tice polarons, the qualitative behavior of the resistivity
near the transition should be similar. We note, however,
that doubts exist as to whether the effective carrier-spin
interaction within double exchange is strong enough to
produce self-trapped magnetopolarons.'®

In summary, analysis of single crystals of two families
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of manganite perovskites has provided important infor-
mation pertaining to the mechanism of the giant magne-
toresistance in these materials. The magnetoresistance of
single-crystal manganite perovskites vanishes as T —0,
suggesting that the finite zero-temperature MR observed
in polycrystalline samples is a grain boundary effect. One
previously proposed explanation for the enormous vari-
ations in MR among thin film samples had been that
nonmagnetoresistive grain boundaries short out the mag-
netoresistive regions in the lower-MR samples. The mod-
erate size of the MR in our single crystals suggests that
a lack of grain boundaries is not a sufficient condition for
extremely large MR. The quadratic dependence of the
resistivity on field above the transition is shown to be a
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general consequence of a two-component model of elec-
tronic conduction. Further investigations of a detailed
microscopic mechanism for polaron formation would shed
light on the possible relevance of a two-component po-
laron model for the giant magnetoresistance of these ma-
terials.
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