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Giant Room-Temperature Magnetoresistance in Polycrystalline Zng 41 Fe; 5004
with a-Fe;03 Grain Boundaries
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A tunneling-type magnetoresistance (MR) as large as 158% is observed at T = 300 K in a polycrys-
talline Zng 4, Fe; 5004 sample, in which the Zng4;Fe; 59004 grains are separated by insulating a-Fe,O;
boundaries. The huge room-temperature MR is attributed to the high spin polarization of Zng4;Fe; 5904
grains and antiferromagnetic correlations between magnetic domains on both sides of the insulating
a-Fe;O3 boundary. The MR exhibits strong temperature dependence below 100 K and its magnitude is
enhanced to reach 1280% at 4.2 K, which may arise from the Coulomb blockade effect.
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There has been a growing interest in the tunneling mag-
netoresistance (MR) effect in materials which combine
ferromagnetic metals (FMs) and insulators (Is) due to
their potential applications for magnetoresistive devices.
Although this effect was discovered by Julliere [1] in
FM/I/FM junctions early in 1975, large and reproducible
tunneling MR ratios have been found only recently. Large
tunneling MR can also be observed in a different class
of tunnel-type nanostructures, such as granular FMs em-
bedded in an insulating matrix as well as polycrystalline
FMs. In this class of granular materials, electron tunneling
from one FM grain to another depends on the relative
orientation between magnetic moments of the grains. The
tunnel resistance decreases when the magnetic moments
of the grains are aligned in parallel in an applied magnetic
field H, resulting in a large negative MR.

The fundamental quantity which determines the tunnel-
ing MR ratio in the magnetic granular system is the spin
polarization in FM granules. The most popular defini-
tion of the spin polarization for a FM is P = (N; — N})/
(Ny + Nj) where Ny (s =T or |)is the density of states at
the Fermi energy for electrons with spin s. P = 0 corre-
sponds to a paramagnetic metal and P = 1 to a half metal
in which only one spin subband makes a contribution
to the tunneling conduction of electrons. The tunnel-
ing MR ratio is proportional to P? either in FM/I/FM
junctions or in magnetic granular materials, reaching
its maximum for P = 1. As a result, a straightforward
way of enhancing the tunneling MR is to use the high
spin-polarization or half-metallic FMs in the tunnel-type
nanostructures. Doped manganites [2—4], CrO, [5], and
Fe;04 [6] have been used as the FM electrodes of the
FM/I/FM tunnel junctions. At the same time, other
tunnel-type nanostructures such as layered manganites
[7], granular CrO, film [8], as well as polycrystalline
manganites [9], T, Mn,0O5 [10] and Sr,FeMoOg [11] have
also been reported. In these materials, large tunneling
MR ratios have been observed at low temperatures. For
example, 450% at 14 K and 1% at 300 K observed in
La;—,Sr,MnQ;/CaTiO3/La;—,Sr,MnO3 junctions [4],
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100% at 5 K and 0.1% at 300 K in CrO,-Cr,O3 granular
systems [8], 32% at 5 K and 1.1% at 300 K in polycrys-
talline Lay/3Sr1/3MnOs3 [9], 43% at 5 K and 0 at 300 K
in polycrystalline TI;Mn,07; [10], and 45% at 4.2 K
and 11.5% at 300 K in Sr,FeMoOg [11]. However, the
observed MRs are much lower than would be expected for
these highly spin-polarized systems, especially at room
temperature. The small tunneling MR at room temperature
may be attributed to the decrease of P and the increase
of spin-flip tunneling with temperature increased, while
enhanced MR at low temperatures may arise from the
Coulomb blockade effect.

The very small room-temperature MR is an unfavorable
factor of the application for magnetoresistive devices. It
is highly desirable to find a tunnel-type material with
high spin polarization and large MR at room temperature.
In this Letter we report a new class of nanostructured
material, polycrystalline Zng4;Fe; 5004, exhibiting an in-
trinsic tunneling-type MR as large as 158% at T = 300 K
and H = 5kOe. The single-phase system of cubic
Zn,Fe;_, 04 (0.4 < x < 0.8) is an FM with the Curie
temperature 7, = 300-350 K and shows comparatively
low resistivity at room temperature [12]. The polycrystal-
line material reported here is a two-phase system in
which the Zng 41 Fe; 5904 grains are separated by uniform
a-Fe;03 grain boundaries. The rhombohedral a-Fe;03 is
an antiferromagnetic insulator with the Néel temperature
of 958 K and room-temperature resistivity of about
10'° Q cm. Such a huge room-temperature tunneling MR
indicates that ZngaiFe; 5004 is a highly spin-polarized
FM. As the temperature is lowered from room tempera-
ture, the tunneling MR first increases slowly and then has a
big enhancement below 100 K, reaching 1280% at 4.2 K.

Sample was prepared by a sol-gel method using mix in-
gredients ZnO and Fe(NO3); - 9H»0 in the mole propor-
tion of 1:5. First, the gel was precalcined at 1100 °C for4 h
in air. Then, the powder was cold-pressed into pellets un-
der a pressure of 1000 kg/cm?. Finally, these disks were
sintered at 1400 °C for 2.5 h in air. Resistivity and MR
were measured using a standard four-probe method in the
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range of 4.2 to 350 K. From its XRD pattern, the sample
was found to consist of two phases: (Zn,Fe3—,O04)-,
and (a-Fe;03),. The Zn*" content of x = 0.41 and the
mole percentage of y = 0.11 for a-Fe,O3 were deter-
mined from inductively coupled plasma (ICP) results. The
major phase of Zn,Fe;_,O4 constitutes FM grains in the
polycrystalline sample, while the minor phase of a-Fe,Os
surrounds the Zn,Fe;_,O4 grains, forming grain bound-
aries. The appearance of the a-Fe,O3 phase at the grain
boundaries should be attributed to preferential volatiliza-
tion of Zn there and further oxygenation of Fe** at T =
1400 °C in air. As a result, the present polycrystalline
sample is composed of many Zn,Fe;_,04 grains sepa-
rated by insulating «-Fe;O3 grain boundaries, as shown
in the left inset of Fig. 1. This picture has been con-
firmed by TEM and high-resolution TEM. Figure 1 is a
high resolution TEM picture of the present sample. It can
be seen that two dark Zn,Fe;_,O,4 grains are separated
by a light a-Fe,0O3; boundary. It was found that the size
of a Zn,Fe;_,0O4 grain is about 150 nm and the a-Fe,0s
boundary has uniform thickness of about 7 nm. The Curie
temperature of the sample was obtained to be 7, = 318 K
by magnetization measurements using the vibrating sample
magnetometer (VSM).

The field dependence of the room-temperature resistiv-
ity for the sample are shown in Fig. 2, from which a huge
negative MR was observed. The MR magnitude is defined
asAp/pu = [po — pul/pu where pg and py are the re-
sistivities at zero field and an applied field H, respectively.
We obtain a value of room-temperature MR as large as
158% at H = 5 kOe. The MR magnitude decreases with
H decreased, equal to 143% at H = 2.5 kOe. For com-
parison, a single-phase sample of Zng 41 Fe, 5004 was pre-
pared in pilot atmosphere at 7 = 1400 °C. The right inset
of Fig. 2 shows that the resistivities of the single-phase
sample of Zng 41 Fes 59004 is much lower than those of the
two-phase system, indicating that the electrical resistivity
of the two-phase system is dominated by the insulating
a-Fe, O3 boundaries. As seen in Fig. 2, the resistivity ex-
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FIG. 1. High-resolution TEM image of the two-phase
(Zng41Fe;5004)080(a-FexO3)0.11 sample, showing the structure
of the Zng4Fe; 5904 grains separated by an «-Fe,O; grain
boundary of uniform thickness (about 7 nm).  Schematic
diagram of its structure is given by the left inset.
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hibits a drastic drop at low fields, which just corresponds
to a rapid change of the magnetization M shown in the
left inset of Fig. 2. The latter stems from the fact that
the magnetizations of all the magnetic domains are gradu-
ally aligned with increasing the magnetic field. Since
the room-temperature MR of the single-phase sample of
Zng41Fe; 5004 is very small (about 1.6%) compared with
the huge MR observed in the two-phase system, it follows
that the huge MR is not due to the bulk phenomenon of
Zng41Fe; 5004 grains, but arises from a tunneling type
of MR at the grain boundaries. The tunneling of the
spin-polarized electrons between the magnetic domains
on both sides of the a-Fe,Osz boundary is critically af-
fected by the relative angle of their magnetization direc-
tions, and may be controlled by an applied magnetic field
via a domain-rotation process. The tunneling-type con-
duction in the two-phase system is further supported by
the non-Ohmic character of the resistivity [13], as shown
by the /-V curve in Fig. 3, in which there are Ohmic be-
havior at low fields and deviation from Ohm’s law at high
fields. In contrast, the Ohmic behavior of the 7-V curve
remains unchanged in the single-phase sample, as shown
in the inset of Fig. 3. Although the present tunneling type
of MR has also been observed in some granular systems
[2-10], to our knowledge, never before has such a huge
tunneling MR been found at room temperature.

Figure 4 shows the temperature dependence of the re-
sistivity for the present sample in the absence of applied
magnetic field, the Inp vs T curves given in the inset for the
two-phase system and the single-phase Zng 4;Fe; 5904. As
seen from the inset of Fig. 4, the resistivity of single-phase
Zng 41Fe) 5004 is at least 1 order of magnitude smaller than
that of the two-phase system over the whole temperature
region. The resistivity of the present sample is dominated
by thermally activated tunneling from grain to grain, and
the bulk resistivity of the Zng 41 Fe; 5904 grains may be ne-
glected. It is remarkable that the temperature dependence
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FIG. 2. Resistivity p as a function of the applied magnetic field
at T = 300 K for the two-phase system and the corresponding
magnetic hysteresis loops in the left inset. The right inset shows
p vs H of the single-phase Zng 4, Fe; 5004 sample at 7 = 300 K.
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FIG. 3. Current vs voltage for the two-phase system, showing

severe deviations from the Ohm’s law at high fields. The in-
set shows current vs voltage for a single-phase Zng4;Fe; 5004
sample, where the Ohm’s law is obeyed.

of p in the form of Inp vs 1/T, [p o« exp(E./2kgT)], was
observed between 4.2 and 110 K for the present two-phase
system, as shown in the inset of Fig. 4. We can esti-
mate E. from the linear part of the plot of Inp vs 1/T:
E. = 8.3 meV, corresponding to the thermal energy of
kgT with T = 110 K. Such a simple hopping-type tem-
perature dependence for the conductivity can be attributed
to nearly uniform thickness of the insulating a-Fe,Os
boundary as well as large size of the Zng41Fe2 5004 grains
(>100 nm). This is different from the well-known tem-
perature dependence of Inp vs 1//T for metal-insulator
granular materials [14]. The tunneling-type electrical con-
ductivity in granular materials is generally given by

o(T) « exp(—2«ks — E./2kgT), €))

where s is the tunnel-barrier thickness, « is a barrier pa-
rameter increasing with barrier height, and E. is the charg-

ing energy [13,14] plus a magnetic energy [15,16]. On the
assumption that the granules on each conduction path are
equal in size d and separated by barrier thickness s, keep-
ing the ratio s/d (or equivalently sE.) constant for a given
composition, the temperature dependence of Ino- o 1//T
can be obtained [14]. In the present case of nearly uniform
barrier thickness, Eq. (1) should yield a simple hopping-
type temperature dependence for the conductivity: o (T) o
exp(—E./2kgT) [13]. Such a temperature dependence of
Ino o« 1/T has also been observed recently in CoO-coated
monodispersive Co cluster assemblies between 7 and
80 K [17].

The temperature dependence of MR for the two-phase
system is shown in Fig. 5. The absolute value of MR
increases slightly with decreasing temperature in the range
of 100 < T < 318 K, while it increases rapidly below
100 K: from 200% at 100 K to 1280% at 4.2 K. The
sudden drop in MR at T, = 318 K is due to the rapid
decrement in magnetization there. From the huge room-
temperature MR, we discuss the spin polarization of the
Zng41Fe; 5004 grains and possible correlations between
them. It is well known that there are two definitions for
the MR: Ap/py used in this work and Ap/po = [po —
pul/po, then satisfying the relation of [1 — Ap/po][1 +
Ap/pu] = 1. In the absence of spin-flip tunneling, the
tunneling-type MR ratio is given by [1,16]

Ap/po = (1 — b)P?/(1 + P?). )

Here b = (cosf) with 6 the angle between the magneti-
zations on both sides of the tunneling barrier at H = 0
and the average (cosf) taken over all pairs of grains.
We note that Ap /py = 2P%/(1 + P?) for FM/I/FM junc-
tions with strong antiferromagnetic (AF) coupling (6 = 7
and b = —1)[1], while Ap/py = P?/(1 + P?) for com-
mon magnetic granular materials where s are random be-
tween 0 and 7 so that b = 0 [16]. The room-temperature
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FIG. 4. Temperature dependences of the resistivity p at zero-
magnetic field for the two-phase system, and Inp vs T in the
inset for the single-phase (open squares) and two-phase (solid
circles) Zng 41Fe; 5004 samples.
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FIG. 5. Temperature dependences of the absolute value of
the MR ratio at H = 5 kOe for the two-phase Zng4Fe; 5004
sample. The inset shows the spin polarization as a function of
b for Ap/pg = 61% at room temperature.
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MR shown in Fig. 5 is Ap/py = 158%, or equivalently
Ap/po = 61%. Substituting this value into Eq. (2) with
b = 0, one would get an unphysical resultof P > 1. In or-
der to guarantee P = 1, from Eq. (2), one gets an inequal-
ity of Ap/po < (1 — b)/2. Although from Eq. (2) two
parameters P and b cannot be solely determined for a given
MR, one may estimate their allowed value ranges. For
Ap/po = 61%, P as a function of b is shown in the inset
of Fig. 5, where P increases from 0.66 to 1 with varying b
from —1to —0.22. As aresult, at least two deductions may
be drawn for the present two-phase system. From negative
valuesof —1 = b = —0.22, it follows that, unlike in com-
mon granular materials where the magnetizations of the
granules orientate randomly (b = 0), there must be more
or less AF correlations between the magnetic domains on
both sides of the insulating barrier. The strength of the
AF correlations will increase with b varying from —0.22
to —1. This point is further supported by magnetic hys-
teresis loops of zero-field-cooled and field-cooled samples
from the Néel temperature of a-Fe,O3 to room tempera-
ture, which will be reported elsewhere [18]. Another de-
duction is the high spin polarization of the Zng 4;Fe; 5904
grains: 0.66 = P = 1. In the present granular system, the
AF correlations discussed above are most likely weak (b
being close to —0.22), from which it follows that P is close
to 1 and Zng 41 Fe; 5004 may be a half-metallic-type mate-
rial with high spin polarization even at room temperature.
In addition, the lower limit of P = 0.66 may be under-
estimated here due to neglecting the spin-flip tunneling in
Eq. (2). In the presence of the spin-flip tunneling process,
the MR ratio is given by [19]

A_p= (1 — b)P?
po 1+ P2+2y/(1 — )

3

where vy is the ratio between the square matrix elements
of spin-flip and spin-conserving tunneling. In this case, it
is easy to show that the minimal P will be increased by a
factor of /1 + y/(1 — 7). As an example, the minimal
P would increase from 0.66 to 0.74 if y = 0.2 was taken.

Finally, we briefly discuss the enhancement of MR at
low temperatures. It is found that the experimental data
shown by the solid squares in Fig. 5 can be approxi-
mately fitted to a simple formula: Ap/py = A + B/T
with A = 140% and B = 40 K shown by the solid line,
where constant term A takes main responsibility for MR at
high temperatures, while term B/T describes the anoma-
lous increase of MR at low temperatures. The tempera-
ture dependence of 1/T for MR was predicted by Helman
and Abeles [15] in insulating granular systems by taking
into account a magnetic exchange energy Ejs which arises
when the magnetic moments of the grains are not parallel
and electron spin is conserved in tunneling. As pointed out
by Inoue and Maekawa [16], however, the consideration of
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E)y would give rise to a large positive MR at low tempera-
tures. It appears that this theory is irrelative to the present
results. Mitani et al. [20] proposed that the increase of
MR at low temperature is due to the high-order tunnel-
ing between large granules through intervening small ones
with strong Coulomb blockade, but the predicted tempera-
ture dependence of Ap/po = (1 + C/+/T ) does not fit the
present results. We note that the marked increase in MR
below 100 K shown in Fig. 5 is much larger than those
observed in conventional metal-insulator granular systems,
but very similar to that for the CoO-coated monodispersive
Co cluster assemblies [17]. Behavior observed in the lat-
ter was ascribed to a prominent cotunneling effect in the
Coulomb blockade regime, arising from the uniform Co
core size and CoO shell thickness. As a result, even though
there has been no definitive theory for giving a quantita-
tive explanation of the Ap/py = A + B/T behavior in
the present system, the unusual enhancement of the tun-
neling MR is believed to be associated with the Coulomb
blockade effect at low temperatures.
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