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Spin-Polarized Intergrain Tunneling in Laz/3Sr;,3MnO3
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The magnetoresistance (MR) and the field dependent magnetization have been systematically
examined in the low temperature ferromagnetic metallic state of single crystal and polycrystalline
La,;3Sr;,3Mn0Os. We find that the intrinsic negative MR in single crystal is due to the suppression of
spin fluctuations, and magnetic domain boundaries do not dominate the scattering process. In contrast,
we demonstrate that the MR in the polycrystalline samples exhibits two distinct regions: large MR at
low fields dominated bgpin-polarized tunnelingpetween grains and high field MR which is remarkably
temperature independent from 5 to 280 K. [S0031-9007(96)01016-2]

PACS numbers: 72.15.Gd, 75.30.Kz, 75.50.Cc

The recent renaissance of interest in perovskite manka,/;3Sr;;3sMnO3; was prepared through conventional
ganites has focused on the large magnetoresistance (MRylid-state reaction processing in air. Two poly-
observed near the ferromagnetic ordering of Mn spingrystalline samples were studied, with final sintering
[L-6]. The Curie temperaturE- marks a transition from temperatures of 1300 and 1780. Two samples were
a high temperature paramagnetic insulator to a low temprepared to compare the effects of grain size and intergrain
perature ferromagnetic metal. The basis for the theoeonnectedness in the polycrystalline samples. Powder
retical understanding of these materials is the notion ok-ray diffraction showed clean single-phase patterns.
“double exchange,” which considers the magnetic couResistivity p was measured using the standard four probe
pling betweerMn "3 andMn *# that results from the mo- technique, and magnetization was measured using a
tion of an electron between the two partially filldghells commercial magnetometer (Quantum Design).
with strong on-site Hund’s coupling [7—9]. At tempera- p(7) for single crystal and polycrystallind.a,/3-
tures belowl'c, the MR should be simply related to the re- Sr;3sMnO3 are shown in the top panel of Fig. 1 [13].
duction of spin fluctuations by an applied magnetic field.All three samples show a sharp drop jn at 365 K,
Despite this expectation, there is a wide range of reportedhich also marks the ferromagnetic transition. At low
behavior for the MR far belowl¢, ranging from a lin- temperaturesp for the 1700°C polycrystalline sample
ear field dependence of the magnetoconductivity, an exs an order of magnitude larger than that of the single
ponential field dependence of the MR, and even morerystal, a typical consequence of the scattering introduced
complicated field dependences have been observed [1My grain boundaries. The 1300 sample is almost an
12]. Thus far it has been difficult to interpret the MR in order of magnitude larger than the 17 sample, due
this supposedly simple low temperature regime. to the smaller grain size formed at the lower sintering

In order to address these discrepancies and to gain damperature. We note that the low temperatpreof
understanding of the MR in the ferromagetic phase, w85 w{) cm for the single crystal is by far the lowest
have carefully studied and compared the MR and the fieldeported value for perovskite manganites.
dependent magnetization in single crystal and polycrys- Despite these differences m the temperature depen-
talline La,/3Sr;,3MnO;. We find that the negative MR dence of the magnetization at 0.5 T is very similar in these
of the single crystal is due to the suppression of spin flucthree samples, as shown in the lower panel of Fig. 1. The
tuations, and magnetic domain boundaries do not dominset shows the field dependent magnetization at 5 and
nate the scattering process. In contrast, we show th&80 K for the three samples. The magnetization response
the negative MR of the polycrystalline samples is domi-is typical for a soft ferromagnet—a quick rise in magne-
nated by spin-polarized tunneling between grains, and theézation due to magnetic domain rotation at low applied
key feature observed is a large negative MR at very lowfields, and then near saturation at higher applied fields.
fields associated with magnetic domain rotation at the graifhe small differences between the samples at low fields
boundaries. Above-0.5 T, we have discovered that the are due to the different demagnetization factors. Although
MR is independent of temperature over a wide range fronthe three samples were cut to the same geometry and thus
5 to 280 K. These phenomena are greatly enhanced byave the same bulk geometric demagnetization factor, the
the high degree of spin polarization in the low temperaturgoolycrystalline samples have an additional factor due to
ferromagnetic regime. their slight porosity. The magnetization was takenat0.5 T

For this study, single crystala,;3Sr;;3MnO3; was to avoid the variation due to magetic domain rotation at
grown using the floating zone method, and polycrystallindower fields.
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FIG. 1. Top panel:p(T) of La,;SrisMnO; for a single FIG. 2. Panels a, ¢, and e: The magnetic field dependence
crystal sample and two polycrystalline samples with final sin-Of the normalized resistance at various temperatures from 5 to
tering temperatures of 1300 and 17a0 Bottom panel: The 280 K. Panels b, d, and f: The magnetic field dependence
temperature dependence of the magnetization for these thr& the magnetization (normalized to the 5T value) at various

samples at 0.5 T. Inset: The field dependent magnetization démperatures from 5 to 280 K.

these samples at 5 and 280 K.

is no detectable MR, the magnetization is nearly saturated.

In Fig. 2 we present a detailed comparison of the fieldAt 280 K, there is a 4% variation in the resistance and a
dependence op in the longitudinal geometry (magnetic 4% variation in the magnetization once magnetic domain
field H parallel to current]) and the magnetization of rotation is completed. Thus it appears that the suppres-
the single crystal and the two polycrystalline samples forsion of magnetic fluctuations is the origin of the negative
a range of temperatures 5-300 K. Figure 2(a) show$/R in this sample.
the variation in the resistance (normalized by the zero The MR and magnetization of the polycrystalline sam-
field value) of the single crystal. At low temperaturesple sintered at 1700 are displayed in Figs. 2(c) and
there is negligible MR, and with increasing temperature2(d). The magnetization data look identical to that of the
there is increasing negative MR. Note thatsmoothly  single crystal to very high accuracy (excluding small vari-
varies through the region of magnetic domain rotation (in-ations at low fields due to the demagnetization factor), in-
set to Fig. 1), indicating that electron scattering at magsdicating that the intragrain properties reflect bulk intrinsic
netic domain boundaries does not dominate transport. lproperties. The MR, however, looks radically different.
Fig. 2(b), the field dependent magnetization (normalized’he predominant feature is a sharp drop in the resistance
by the 5 T value) is shown for the same sample measureat low fields, and then a slower background negative MR.
in Fig. 2(a). Although the magnetization has reachedrhis sharp drop is greatest at lowest temperatures, and de-
=95% of its value by 0.5 T (due to magnetic domain creases with increasing temperature.
rotation), clearly there is still significant increase in the The MR and magnetization of the polycrystalline sam-
magnetization above 0.5 T. The striking feature of thisple sintered at 1308 are displayed in Figs. 2(e) and
comparison is that the variation in the magnetization a(f). The magnetization data again are identical to that
various temperatures tracks the MR. At 5 K, when thereof Figs. 2(b) and 2(d), and the MR is very similar to that

2042



VOLUME 77, NUMBER 10 PHYSICAL REVIEW LETTERS 2 BPTEMBER 1996

of the other polycrystalline sample. This is quite remark- Ni La,;Sr, sMnO,
able, given thap (T') of this 1300°C sample is so different
from the 1700C sample (see top panel of Fig. 1). It ap-
pears that a fundamentally different process is dominating
the MR of the polycrystalline samples.

The unusual MR data of Figs. 2(c) and 2(e) can be un-
derstood by considering the following points: (1) The
MR in the polycrystalline samples is dominated by in- W/ .. .| . <
tergrain effects. Even at 5 Tg values of the polycrys- . 1.5eV
talline samples are far above that for the single crystal X N L et L
(see top panel of Fig. 1). (2) Volume fraction sensitive
measurements (magnetization, x-ray diffraction) show no
detectable difference between the single crystal and poly-
crystalline samples. (3) The magnetic field associated!G. 3. Energy level diagram comparing the conduction band
with the sharp drop in resistance is identical to that associef Ni with La,/3Sr;;sMnOs. Numerical values are taken from
ated with magnetic domain rotation. This was establisheefs- [19-22].
by comparing samples with different geometric demagne-

tization factors—both features (in MR and magnetization),,2 dependence of the MR, the sharp drop in resistance
are shifted to different applied magnetic fields together. s associated with the sharp increase in magnetization.
These points lead to the conclusion that the MR in thegecause the MR is negative, is positive, indicating
polycrystalline sample is dominated by transport acrosgp antiferromagnetic intergrain interaction. Thus the
grain bqundaries that is extremely sensitive to an app”eﬂerromagnetic alignment of the grains by an applied
magnetic field. We propose that our results are mosfie|q gives rise to increased electron tunneling. The fact
consistent with spin-polarized intergrain tunneling. that both polycrystalline samples show quite similar MR,
Spin-polarized transport in granular ferromagnetic sySyespite their radically differens values, is also consistent
tems has received a resurgence of interest in recent yeagsih the above considerations as there is no dependence
[14—16]. The early pioneering study of the MR in granu- g, the absolute value of the of the sample.
lar nickel films was followed by a derivation of the tunnel- | order to analyze the temperature dependence of the
ing of spin-polarized electrons between magnetic metalli(bart of the MR most clearly identified with spin-polarized
particles [17,18]. When the electron spin is conserved "iunneling, the sharp drop at low fields, we have back-
the tunneling process, there is an additional magnetic COlsxtrapolated the high field (H)/ p, to find the zero field
pling energy when the magnetic moments of the neighborintercept. The magnitude of one minus this quantity, de-

ing grains are not parallel. By considering the magnetig,gted MR*, quantifies the magnitude of the MR associ-
field dependence of this intergrain coupling energy, the

first term in the high temperature expansion of the MR is

P=11% P=100 %

) 0.30 , ,

given by 030
JP 0.25
AP/PO = T - [mZ(H’ T) — mz(o’ T)] > (1) 0.25 020

4kpT s

& 015}

wherelJ is intergrain exchange constamt,is the electron 0.20 I* = 1o
polarization, andnis the magnetization normalized to the T
saturation value. ® 015 0081

One reason that spin-polarized transport effects should = ™ 000 f— b Lt

Temperature (K)

be significant in the perovskite manganites is the high de-
gree of spin polarization in these materials. In a typical 0.10f 1700°C

2 ; . 1
itinerant ferromagnet such as nickel, a very wide conduc- Poly
tion band(~4.5 eV) is split into minority and majority car- 0.05 L
rier bands offset by a small exchange enefgy).6 eV), ' £,(T)=a+b/(T+c)
leading to a partial polarization of the electropis11%)
i H | | I | I
[19,20]. In manganites, however, a relatively narrow ma- 0.005 50 100 150 200 250 300

jority carrier conduction band~1.5 eV) is completely
separated from the minority band by a large Hund'’s en- o
ergy, as well as an exchange enelgy2.5 eV), leading FIG. 4. The temperature dependenceR* (defined in text).

to a nearly complete polarization of the electrons [21,22];&e taneesl??(;% (f:'tss z;)rfnmee Cflorzrw_J(r) 11’0/ (71; - ft)l EOLT; d42 K=

This is shown diagrammatically in Fig. 3. 112 K. For the 1700C samplea = —0.22, b = 129 K, and

We turn now to examine the MR in polycrystalline . — 255 K. Inset: Best fits to the same data of the form
Lay/3Sr13MnOs in this framework. Consistent with the a + b/T for T = 40 K.

Temperature (K)
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oo T . work may lead to technologically important advances.
= -0.01 Perhaps the most obvious and most promising route is the
2 oz manifestation of these results in magnetic multilayers in
i—o o analogy with those developed for giant magnetoesistance
3 (GMR) systems. In the near future, the already somewhat
o artificial distinctions between GMR, so-called “colossal”
2 -005 magnetoresistance, and spin-polarized tunneling may be
© oo increasingly irrelevant.
0.00 — , : : : In summary, we have examined the MR and magne-
= o1l _ tization of La,/3Sr,3MnO3 in the ferromagnetic metal-
$ o 7 lic regime. The negative MR of the_smgle crystal is due
7 e ——— o to the suppression of spin fluctuations, as expected of
T 003 ' a double exchange ferromagnet. The dominant feature
= -0.04 of the MR in the polycrystalline sample is a sharp low
3 -00s 1300°C poly field MR due to spin-polarized electron tunneling between
¥_0 o . , . grains. This study has clarified the relative effects of bulk
' 2 3 4 5 properties and interface properties. The unique nature of
Field (tesla) double exchange mediated ferromagnetism results in very
FIG. 5. d(p/po)/dH from the data of Figs. 2(c) and 2(e) for high spin polarization of the conduction electrons in the
the 1300 and 170 polycrystalline samples. ferromagnetic state, which makes this material an ideal

candidate for maximizing spin-polarization dependent phe-
nomena, including low field spin-valve MR.
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