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Enhanced tunneling magnetoresistance and high-spin polarization at room temperature
in a polystyrene-coated Fe;O,4 granular system
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Polystyrene-coated Fe;O4 nanoparticles through surface engineering exhibit an intergranular tunneling mag-
netoresistance (MR) ratio of 22.8% at room temperature and a maximum MR of 40.9% at 110 K. The drastic
enhancement of the MR ratio clearly suggests that there is high degree of spin polarization even at room
temperature for half metallic Fe;O,. The estimated spin polarization P is about 54% and 83% at room

temperature and 110 K, respectively.
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I. INTRODUCTION

The half-metal family that includes CrO,, Fe;O,, and
La,/3Sr;,3sMnO; attracts enormous attention, owing to their
speculated 100% spin polarization P according to band struc-
ture calculations. They are conductors for one spin channel
and insulators/semiconductors for the other spin channel and
have great application potential in spin electronic devices."?
On the experimental side, CrO, best exemplifies the half-
metals with the value of P reported in the range of 85-96%
at very low temperatures. However P rapidly declines with
increasing temperature. Other materials fail to show high P
for a variety of reasons, including disorders and defects, par-
ticularly on the surfaces.> As far as we know, clear experi-
mental evidence showing high-spin polarization at room
temperature is lacking for all known speculated half-metals.*

Ferrimagnetic magnetite Fe;O, is a well-known half-
metal with a high Curie temperature 7, of 840 K. It offers
the best prospect for spintronic applications since the devices
are expected to work around or above room temperature,
requiring 7, above 500 K.3> Under ordinary condition, the
surface of Fe;0, is oxidized and contains Fe(3+)-rich oxide,
which is believed to be the reason for the failure to observe
high-spin polarization in Fe;O,4. To reveal the true spin po-
larization of Fe;O,, the Fe(3+)-rich oxide on the surface
should be removed or avoided. We have selected polymers
polystyrene (PS), polycarbonate (PC), and poly(methyl
methacrylate) (PMMA) as the coating layer to avoid the sur-
face oxidation of Fe;O,. These polymers also serve as good
insulating barriers between the Fe;O, nanoparticles.

II. EXPERIMENTS

Polymers (PS, PC, and PMMA) and «-Fe,0; nanopar-
ticles with various weight ratios were mixed together by first
dissolving the polymer in chloroform, then adding Fe,O3
particles and stirring, and finally evaporating the solvent. The
samples were annealed at 200 °C in pure hydrogen flow, and
then pressed into pellets. The pellets were again annealed at
200 and 250 °C in pure hydrogen flow.
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The structural analysis was done by x-ray diffraction
(XRD) and transmission electron microscopy (TEM). The
transport properties of the samples were measured using the
four-point method and in ac mode. The magnetic measure-
ments were performed with a superconducting quantum in-
terference device (SQUID).

III. RESULTS AND DISCUSSION

XRD spectra indicate that there is a complete phase trans-
formation from «-Fe,O; to Fe;0, after annealing in hydro-
gen. TEM images show that the Fe;O, particles are generally
spherical and their size is between 10 and 30 nm [Fig. 1(a)].
They are dispersed in the polymer matrix. Some particles are
close to each other but separated by the polymer [Fig. 1(b)],
which provides the structure for intergranular tunneling of
electrons.

The temperature dependence of the resistance (R) follows
In RoeT~"2 and the I-V curves are nonlinear (Fig. 2, insets).
These results suggest that the electron transport in the
samples is via intergranular tunneling, which has been
broadly accepted as exhibiting exp(7~?) behavior in the
resistance.>® We have tested the exp(7~'"#) form expected for
variable range hopping resistance and found that R could not
be described by such a law. The data presented in Fig. 2 are
reproducible. Similar behaviors are seen in other samples.

The magnetoresistance (MR) of the samples, defined as
MR=(Ry-Ry)/R, where R, and Ry, is the resistance in zero
and an applied field of H, respectively, is shown in Fig. 2.
The MR of the Fe;O, samples coated with PC [Fig. 2(a)] is
similar to the reported data on pressed Fe;O, powders and
polycrystalline films,”'” which have a typical MR ratio of
4-T7% or lower at room temperature. The Fe;O, samples
coated with PMMA have almost identical results with that
coated with PC. On the other hand, the sample coated with
PS exhibits a MR ratio of 22.8% in an applied field of 14 T
at room temperature. The maximum MR of 40.9% is ob-
tained at 110 K [Fig. 2(b)]. The MR curves show rapid
change in low fields but are not completely saturated in a
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FIG. 1. (a) TEM image for the PS-coated Fe;O, sample, indi-
cating that spherical Fe;O, nanoparticles are embedded in polymer
matrix. (b) High-resolution TEM image showing that the Fe;O,
particles are separated by a thin polymer layer of a few nanometers,
forming a tunnel barrier.

field of 14 T. In the low-field region, butterfly shaped hys-
teresis in MR curves has been observed, and the coercivities
in the MR coincide with that in the magnetization curves for
both low and high temperatures [Figs. 2(c) and 2(d)].

There are several models that can be used to calculate the
spin polarization P from the MR data. Inomura and
Maekawa have derived a simple relationship between MR
and P for intergranular tunneling,®

MR = P’m?/(1 + P*m?), (1)

where m is the relative magnetization of the system and
m?={(cos 6). In saturated state, m=1, then

PHYSICAL REVIEW B 73, 134412 (2006)

T ) ) L] T T )
of . .
Tt 280K
A0} . y"/ e e
et . MOK
20 =
10 i § &
- -
30} o / EN
— -0
?_\a, _40 ! 006 0.080.10 0 2 4
(a) 9 - ™ (Km] v .
§ 10 i) ] M 4
e Ok . z 4
= S0 / Z, ]
10} 1dom 009 0.12", 0 3 6 -
™ K" e - vy
-20 i -'.'./r.’.,r"' \ 'l'.l"""*q‘ T
/ \‘-.\__ 280K
30} . .
o~ . 110K
40F o T,
5 n 1 A 1 n 1 i 1 A L " 1
45 40 -5 0 5 10 15
(b) Applied field (T)
0.2
0.1
£l
g 00
2
= 01
(c) 0.2 e
PR B RS BT | ] [ T TR P Y
L] T L) L) ) ) T T L]
- 0.0
wn
= 0.5
c
S 1.0
815
& 20
; 2.5
3.0
3.5¢ . _
2000 1000 O 1000 2000
(d) H (Oe)

FIG. 2. MR ratio in an applied field of 14 T at 280 and 110 K
for (a) PC-coated Fe;0,4 and (b) PS-coated Fe;0,. The weight ratio
of Fe;O4 to polymers is 1:1 for both. The MR ratio of PMMA-
coated Fe;0, is similar to that of PC-coated samples. (Left insets)
resistance as a function of temperature: log R versus 7/ curves
exhibit linear relation; (Right insets) I-V curves at room tempera-
ture which have nonlinear behavior. These are consistent with the
transport mechanism of intergranular tunneling. (c) Magnetic hys-
tereses and (d) butterfly-shaped MR hyestereses in low fields for
PS-coated Fe;0y.

P=[MRy/(1 - MR,)]", (2)

where MR, is the saturated MR ratio. A modification of the
model is to consider a serial connection of the grains in ad-
dition to parallel connections used in the model.!'~!3 The
difference between these models becomes very small when
three-dimensional (3D) nature of the network of grains is
considered. This is true even for relatively high-spin polar-
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ization P>0.5.'>!3 Our composite pellet samples fall well
within the 3D regime, and Eq. (2) was used to calculate the
spin polarization. It should be mentioned that the models
proposed by Slonczewski'* and MacLaren!® suggest the na-
ture of the barrier is a factor influencing the effective spin
polarization. Such effect diminishes with increasing barrier
height. The polymer barriers used here are in general of very
large band gap (~7 eV); therefore, we believe the effect of
the barrier on the spin polarization is small in this case. More
importantly, as long as one understands that the P obtained
from Eq. (2) is the effective spin polarization, the result is
valid.

The spin polarization P of Fe;O, estimated from the MR
values according to Eq. (2) is 83% at low temperature and
54% at room temperature. These values are much higher than
the reported experimental results'®~'® and higher than a re-
cent theoretical calculation after taking into the consideration
of modified surface state.'” Fe;0, indeed belongs to the cat-
egory of highly spin polarized half-metals. The more than
50% value for spin polarization at room temperature is sig-
nificant in that this is the first time that such a high-spin
polarization has been observed in Fe;O, at room tempera-
ture, which has both practical and scientific implications.
Coulomb blockade effect is believed to be another factor to
sometimes contribute to the enhancement of MR; however, it
occurs only at very low temperature?®2! and should not play
a significant role here. We believe these P values only set
lower limits for Fe;O,4 and its actual values can be higher,
especially at room temperature, because

(1) There may exist spin-independent conductance chan-
nels owing to the imperfections, defects, and impurities in
the barrier in our samples, which reduces the tunneling MR
ratio.”?

(2) Bulk magnons and surface magnons will reduce the
MR via magnon-assisted tunneling.>> Although they may
also reduce the spin polarization itself,* theoretical studies
indicate that the MR ratio will decrease more rapidly with
temperature than P.>*

(3) Even an applied field of 14 T may not be high enough
to completely align the magnetic moments of the Fe;O, par-
ticles of 10—30 nm in size in our samples, especially those
on the surface. It should be noted that using MR data taken at
14 T to calculate P is justified because the intrinsic magne-
toresistance of Fe;0, is very small in such a field.”

(4) We have assumed that the relative magnetization
m=1 in the calculation of P using Eq. (2), but it takes a
reduced value at high temperatures.

It ought to be noted that there are different ways to define
spin polarization.> Some measure the spin polarization of the
density of states and some measure that of the transport cur-
rent density. The spin polarization obtained from our inter-
granular tunneling experiments is the spin polarization of the
tunneling current. We would like to argue that the spin po-
larization of density of states is also high for Fe;O,. The
difference between the two definitions becomes significant
when there are “heavy” (e.g., d electrons) and “light” elec-
trons (e.g., s electrons) coexisting at the Fermi level, which
is not the case for Fe;0,. For Fe;0y, t,,(Fe) electrons form
small polarons and hop among the B sites of the inverse
spinel structure in a fully spin-polarized spin-down band.
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FIG. 3. (a) Temperature dependence of MR ratio in an applied
field of 14 T for a PS-coated sample. (b) ZFC-FC curves with an
applied field H=200 Oe, which shows sharp Vervey transition in
the range of 110—120 K in our samples.

Therefore, we believe the two numbers, 54% and 83%, may
also represent the approximate values for the lower limits of
the spin polarization of the density of states at room tempera-
ture and 110 K, respectively.

It is necessary to study the temperature dependence of
MR since Fe;O, undergoes a Verwey transition, which is
characterized by an increase in the resistivity by about
two orders of magnitude at the transition temperature
Tv~120 K. This transition is associated with an order-
disorder transition from a charge-ordered state of the Fe ion
on the B sites at low temperature to a statistical distribution
at high temperature. A sharp narrow negative MR peak is
normally observed at the Verwey point in single crystal
Fe;04.22% In our samples, the MR ratio continuously in-
creases with decreasing temperature before the Verwey tran-
sition [Fig. 3(a)]. After the transition, the MR ratio exhibits a
plateau between 80 and 120 K. We cannot acquire MR data
below 80 K because the resistance of the samples becomes
too high to measure with our setup. According to the zero-
field-cooled (ZFC) and field-cooled (FC) magnetization
curves [Fig. 3(b)], the Verwey transition is quite sharp and
occurs in a relative narrow temperature range of 110-120 K
in our samples. This suggests that MR observed in our
samples can be used to calculate the spin polarization be-
cause it is not part of the sharp peak ordinarily associated
with the Verwey transition. The latter does not arise from the
spin polarization but is a critical phenomenon at the phase
transition and thus cannot be used for deriving spin polariza-
tion. The Verwey transition does not significantly change the
tunneling MR and the spin polarization, consistent with re-
ported results.'®!7 To understand the temperature depen-
dence of MR ratio in our samples, we propose the following
model. We think there exist two channels of conductance.
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FIG. 4. Al Ka-exited Fe 2p core-level photo emission spectra
for (I) pure Fe;O, powder sample, (I) PC-coated Fe;Oy4, (IIT)
PMMA-coated Fe;0,, and (IV) PS-coated Fe;0,. The arrow indi-
cates the characteristic shake-up satellite associated with Fe(3+)
ion photoemission at a binding energy of ~719 eV.

One is the intergranular spin-dependent channel and the
other is a spin-independent channel due to thermal excitation
or inelastic hopping through localized states due to imperfec-
tions in the barrier, etc. Above the Verwey transition, the
current of the spin-independent channel rapidly decreases
with decreasing temperature, whereas the current of the spin-
dependent channel decreases relatively slower. This results in
the enhancement of tunneling MR ratio with the decrease of
temperature. Below the transition, the resistance of Fe;O,
increases rapidly with decreasing temperature. The number
of carriers available for tunneling decreases accordingly,
which greatly diminishes the spin-dependent tunneling cur-
rent. At the same time, the spin-independent current de-
creases with temperature as well. The plateau in the MR ratio
below the Verwey point is the combined effects of these two
channels.

It is widely accepted that the surface state of Fe;O, plays
a key role in magnetotransport properties, and x-ray photo-
electron spectroscopy (XPS) is one of the most powerful
tools to obtain information about the electronic structure of a
solid’s surface. Figure 4 shows the XPS Fe 2p core-level
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spectra for pure Fe;O,4 powders and PS-, PMMA-, and PC-
coated Fe;O, samples, which contain contributions from the
top 15 layers of the surface. Different from the polymer-
coated Fe;O, samples, the lineshape of the pure Fe;O4
sample exhibits shake-up satellite at a binding energy of
~719 eV and a little narrow peak of the Fe 2p;, peak,
which is characteristic of Fe(3+) oxide.?’?® This clearly
demonstrates that the surface of Fe;0, is Fe(3+) oxide once
it is exposed to air. The lineshapes of PS-, PMMA-, and
PC-coated samples reveal the characteristics of Fe;O, and
there is no obvious difference among them, suggesting that
the coating prevented the oxygen infusion into the Fe;O4
particles. However, the very top layers of the surface may be
different from the top 15 layers, the latter of which are
probed by XPS, depending on the coating materials. Studies
have indicated that the top two layers of the surface are rich
in Fe(3+) compared to the top 15 layers in Fe;O, films
molecular-beam epitaxy (MBE) grown in ultrahigh
vacuum.”>3 Polymer PMMA and PC contain oxygen
whereas PS is oxygen free. For the PMMA- and PC-coated
samples, it is possible to form bonding between the oxygen
in polymer and Fe(2+) ion on the surface, which will result
in the presence of Fe(3+)-rich oxide on the top one or two
layers of Fe;0, surface, which will greatly diminish the spin
polarization as it does in pure Fe;O, powders or polycrystal-
line film. Since PS contains no oxygen element, the Fe;O,
state can be preserved and the high-spin polarization can
survive on the surface. This greatly enhances the spin-
dependent tunneling MR.

IV. CONCLUSIONS

Drastic enhancement of the MR ratio suggests that there
is a high degree of spin polarization at both low and room
temperatures for half-metallic Fe;0,. The improvement was
achieved by controlling the surface of Fe;O, through surface
engineering using oxygen-free insulating barriers. Based on
our result, it is possible that a simple tunnel junction made of
Fe;0, exhibits large MR in a relatively small field. Fe;0,
may also be used as an effective spin injector. Knowing that
our results provided only a lower limit on the spin polariza-
tion of Fe;0y, it has the potential to play an important role in
spintronic devices.

ACKNOWLEDGMENTS

This work was supported by Sharp Laboratories of
America and the Louisiana Board of Regents Support Fund
Grant No. LEQSF(2004-07)-RD-B-12.

S. A. Wolf, D. D. Awschalom, R. A. Buhrman, J. M. Daughton,
S. von Molnar, M. L. Roukes, A. Y. Chtchelkanova, and D. M.
Treger, Science 294, 1488 (2001).

2J. M. D. Coey and C. L. Chien, MRS Bull. 28, 720 (2003).

3J. M. D. Coey and S. Sanvito, J. Phys. D 37, 988 (2004).

4P. A. Dowben and R. Skomski, J. Appl. Phys. 95, 7453 (2004).

SP. Sheng, B. Abeles, and Y. Arie, Phys. Rev. Lett. 31, 44 (1973).

6J. Inoue and S. Maekawa, Phys. Rev. B 53, R11927 (1996).

7J. M. D. Coey, A. E. Berkowitz, L. Balcells, F. F. Putris, and F. T.
Parker, Appl. Phys. Lett. 72, 734 (1998).

134412-4



ENHANCED TUNNELING MAGNETORESISTANCE AND HIGH-SPIN...

8J. Tang, K.-Y. Wang, and W. Zhou, J. Appl. Phys. 89, 7690
(2001).

9H. Liu, E. Y. Jiang, H. L. Bai, R. K. Zheng, H. L. Wei, and X. X.
Zhang, Appl. Phys. Lett. 83, 3531 (2003).

0D, Serrate, J. M. De Teresa, P. A. Algarabel, R. Fernindez-
Pacheco, J. Galibert, and M. R. Ibarra, J. Appl. Phys. 97,
084317 (2005).

'M. Ziese, Appl. Phys. Lett. 80, 2144 (2002).

121, P. Zhou, S. Ju, and Z. Y. Li, J. Appl. Phys. 95, 8041 (2004).

138, Ju, K. W. Yu, and Z. Y. Li, Phys. Rev. B 71, 014416 (2005).

143, C. Slonczewski, Phys. Rev. B 39, 6995 (1989).

155, M. MacLaren, X. G. Zhang, and W. H. Butler, Phys. Rev. B 56,
11827 (1997).

16G. Hu and Y. Suzuki, Phys. Rev. Lett. 89, 276601 (2002).

7M. Ziese, U. Kohler, A. Bollero, R. Hohne, and P. Esquinazi,
Phys. Rev. B 71, 180406(R) (2005).

185, A. Morton, G. D. Waddill, S. Kim, Ivan K. Schuller, S. A.
Chambers, and J. G. Tobin, Surf. Sci. 513, L451 (2002).

9R. Pentcheva, F. Wendler, H. L. Meyerheim, W. Moritz, N. Je-

PHYSICAL REVIEW B 73, 134412 (2006)

drecy, and M. Scheffler, Phys. Rev. Lett. 94, 126101 (2005).

208, Mitani, S. Takahashi, K. Takanashi, K. Yakushiji, S. Maekawa,
and H. Fujimori, Phys. Rev. Lett. 81, 2799 (1998).

2I'T. Zhu and Y. J. Wang, Phys. Rev. B 60, 11918 (1999).

22J. Dai and J. Tang, Phys. Rev. B 63, 064410 (2001).

23F. Guinea, Phys. Rev. B 58, 9212 (1998).

2*H. Itoh, T. Ohsawa, and J. Inoue, Phys. Rev. Lett. 84, 2501
(2000).

25V. V. Gridin, G. R. Hearne, and J. M. Honig, Phys. Rev. B 53,
15518 (1996).

26M. Ziese and H. J. Blythe, J. Phys.: Condens. Matter 12, 13
(2000).

2IN. S. Mcintyre and D. G. Zetaruk, Anal. Chem. 49, 1521 (1977).

2T, Fujii, F. M. E. de Groot, G. A. Sawatzky, F. C. Voogt, T.
Hibma, and K. Okada, Phys. Rev. B 59, 3195 (1999).

29S. A. Chambers and S. A. Joyce, Surf. Sci. 420, 111 (1999).

305, A. Chambers, S. Thevuthasan, and S. A. Joyce, Surf. Sci. 450,
L273 (2000).

134412-5



