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Co–ZnO inhomogeneous magnetic semiconductor thin films were synthesized on the subnanometer
scale by sputtering. Room temperature ferromagnetism with high magnetization was found. Large
negative magnetoresistance of 11% was found at room temperature, and its value increased with a
decrease in temperature up to 36% at 4.8 K. The mechanism for large negative magnetoresistance
is discussed. ©2004 American Institute of Physics.@DOI: 10.1063/1.1690881#

Magnetic semiconductors~MS! are attracting consider-
able attention since they are expected to be key materials in
spintronic devices. Recently, stimulated by the success in MS
of Ga12xMnxAs ~Ref. 1! and Ti12xCoxO2 ~Ref. 2!, ZnO-
based MS have been investigated by some groups since they
are predicted to be ferromagnetic semiconductors with a high
Curie temperature above 300 K and large magnetization.3,4

To date, reported experimental results of ZnO-based MS by
these groups are different and even contradictory.5–14Near or
above room temperature ferromagnetism of ZnO-based MS
was found by some groups,5–9 while other groups found no
ferromagnetism10–13 or a very low Curie temperature.14 Fu-
kumuraet al.11 and Jinet al.12 observed anomalous magne-
toresistance and Andoet al. reported a huge magneto-optical
effect13 in ZnO doped with transition metals, but no ferro-
magnetism was reported.

However, high magnetization has not yet been achieved
at room temperature in ZnO-based MS,5–9 and the magne-
toresistance becomes negligibly small above 100 K.5,10,12,15

In this letter, we report a Co–ZnO inhomogeneous magnetic
semiconductor~IMS!, which was synthesized on the subna-
nometer scale and shows high magnetization and large mag-
netoresistance at room temperature.

The Co–ZnO IMS films were prepared on glass sub-
strates by alternately sputtering very thin Co layers of nomi-
nal thickness of 0.6 nm and ZnO layers of nominal thickness
of 0.5 nm for 60 periods at room temperature@the nominal
structure is (Co 0.6 nm/ZnO 0.5 nm)360]. The pressure of
Ar gas was stabilized at 3 mTorr during the sputtering pro-

cess. The Co layers were deposited by dc magnetron sputter-
ing at a growth rate of 0.07 nm/s, and the ZnO layers were
deposited by rf sputtering at a growth rate of 0.02 nm/s. The
preparation of samples is very controllable and reproducible.
It also offers some other advantages: The room temperature
growth and the very small thickness of Co and ZnO may
enable Co and ZnO to become incorporated into each other
since the layer thickness, the interface roughness, and the
interdiffusion length are comparable. On the other hand,
since low temperature growth is a thermal nonequilibrium
process, it enables high solubility of Co in ZnO and hence
increases the magnetization. Moreover, the low growth tem-
perature and alternating deposition greatly limit crystal grain
growth and increase defects such as O vacancies or Zn inter-
stitials, which may increase the conductivity and enhance the
s–d exchange interaction and increase the Curie tempera-
ture. Furthermore, the structure and the composition of Co–
ZnO are uniform on the nanometer scale, but there may be
Co-rich and ZnO-rich areas on the subnanometer scale which
are introduced by the alternate deposition. Inhomogeneity on
the subnanometer scale is also desirable for improving the
Curie temperature and magnetoresistance. The preparation
for Co–ZnO samples resembles the process for ‘‘digital al-
loys’’ of the superlattice structure,16 but it is essentially dif-
ferent in principle in sample design.

The microstructures of the as-grown films were observed
by transmission electron microscopy~TEM! in cross section
~Fig. 1!. The low magnification bright field TEM image@Fig.
1~a!# shows almost even contrast, and the crystallinity of the
film is revealed in the high resolution image@Fig. 1~b!#. The
film is composed of nanosized particles, with average size of
4–6 nm. No layered structures were observed, although the
film was grown by alternately depositing very thin Co and
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ZnO layers. The lattice spacings measured vary from 2.51 to
2.30 Å in the high resolution image, indicating composi-
tional inhomogeneity on the subnanometer scale, either due
to inhomogenous diffusion between alternating Co and ZnO
layers, or a deficiency of O. A selected area electron diffrac-
tion pattern for the film is shown in the inset of Fig. 1~a!. The
first two rings have the highest intensity with a certain width.
Using the externally calibrated camera length, the measured
d spacings of the rings midpoint in each ring are 2.61~ring 1!
and 2.01 Å~ring 2!. Ring 1 is determined to be a hexagonal
ZnO $0002% crystal structure, and thed spacing of ring 2 is
close to a hexagonal Co$0002% crystal structure. The com-
position of an area about 10 nm in diameter across the film
was examined by focusing the electron probe, which is the
smallest probe achievable in this experiment. The composi-
tion obtained by the 10 nm probe is uniform across the film.
A typical energy dispersive x-ray~EDX! analysis spectrum is
shown in Fig. 1~c!. Quantitative analysis gives 47.3%~at. %!
Zn, and 52.7% Co. The Cu peak in the EDX spectrum comes
from the Cu sample holder. From the above TEM data and
taking into account the high solubility of Co in ZnO of more
than 40%,17 it is deduced that the as-grown films may consist
of subnanosized Co-rich and ZnO-rich areas~possibly in-
cluding Zn12xCoxO, ZnO, and Co!. However, we could not
directly detect the composition of a single grain and its ho-
mogeneity since the grains were too small to be measured by
the electron probe.

The magnetic properties were measured by a supercon-
ducting quantum interference device~SQUID! from 4.5 K to
room temperature. The magnetic field is applied in the
sample plane. The magnetization is defined as the magnetic
moments divided by the nominal volume of Co metal. The
diamagnetic and/or paramagnetic signals of the glass sub-
strate were deducted. Figure 2 shows hysteresis loops mea-
sured at 5, 80, and 290 K, respectively. The ferromagnetism
is clearly shown by the coercivity, remanence, and relatively
low saturation field. At 290 K, the hysteresis~coercivity and

remanence! becomes very small which may be due to the
intrinsic magnetically soft properties. But the loop still
shows the features of ferromagnetism compared with the
loops at lower temperature. Since most room temperature
MS have small coercivity,5 the Curie temperature of our Co–
ZnO samples is at least near room temperature. Moreover,
compared with the results of other ZnO-based ferromagnetic
semiconductors,5–9 the magnetization of our Co–ZnO
samples is high, up to 782 emu/cm3 (1.05mB /Co) at 5 K and
581 emu/cm3 (0.78mB /Co) at 290 K. We believe that the
high magnetization originates from the high concentration of
Co and the design structure of the samples.

The electrical transport properties were measured in a
van der Pauw configuration from 4.5 K to room temperature.
The field applied is perpendicular to the film plane. Figures
3~a! and 3~b! show the dependence of the sheet resistanceR
and the magnetoresistance~MR! ratio on the magnetic field
applied, measured at 4.8 and 293 K, respectively. The MR
ratio is defined as MR5@R(Hs ,T)2R(H,T)#/R(Hs ,T)

FIG. 1. Low magnification bright field cross-sectional TEM image~a!, a
high resolution TEM image~b!, and an energy dispersive x-ray analysis
spectrum~c!. The selected area electron diffraction pattern is in the inset
of ~a!.

FIG. 2. Hysteresis loops measured at 5, 80, and 290 K, respectively.

FIG. 3. Dependence of sheet resistanceR and the MR ratio on the magnetic
field applied measured at 4.8~a! and 293 K~b!, respectively.
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3100%, whereR(H,T) is the resistance at fieldH and tem-
peratureT, and R(Hs ,T) is the resistance at maximumHs

field applied (Hs543104 Oe in our experiments!. For all
Co–ZnO samples, the current–voltage (I –V) curves ~not
shown! are linear in the measured range of temperature~4.5–
300 K! and voltage~0–10 V!. Therefore, the MR ratio has no
bias voltage dependence. The Co–ZnO samples show large
negative magnetoresistance at relatively small field in the
temperature range from 4.5 to 293 K, such as 36% at 4.8 K
for the MR peak and 11% at 293 K, as shown in Figs. 3~a!
and 3~b!. Large negative and/or positive magnetoresistance
at very low temperature of a few K was also found in
ZnO-based5,10,12,15and TiO2-based2,18 magnetic semiconduc-
tors, but it usually becomes negligibly small~much less than
1%! above 100 K. It is interesting to note that the magne-
toresistance in the ZnO-based and TiO2-based ferromagnetic
semiconductors quickly disappears even at 100 K while the
ferromagnetism can be kept above room temperature.2,5,18

However, for our Co–ZnO samples, large magnetoresistance
of 11% was observed at 293 K, which is significant for MS
for use in spintronic devices.

As for the large negative magnetoresistance observed in
the Co–ZnO IMS, it may be related to the spin-dependent
hopping19,20 and magnetic-field-induced change in the local-
ization length of Anderson localization.21,22 Suppose the
magnetic field does not modify the energy band structures,
then the magnetic field may influence the resistance by the
alignment of localized magnetic moments. On the other
hand, in our Co–ZnO system, there may be strong exchange
interaction between carrier spins and local spins and
electron–electron Coulomb interaction. The presence of a
magnetic field may cause the redistribution of carriers be-
tween spin-up and spin-down states, enhance the energy
level of the majority spin carriers, and hence increase the
localization length.21,22 As a result, large negative magne-
toresistance was found.

In summary, Co–ZnO IMS were synthesized on the sub-
nanometer scale. Room temperature ferromagnetism with
high magnetization was found. Large negative magnetoresis-
tance of 11% was found at room temperature and it increases
with a decrease in temperature up to 36% at 4.8 K. The large
negative magnetoresistance may be related to spin-dependent
hopping and the magnetic-field-induced change in the local-
ization length.

This work was supported by Project 973 Grant No.
001CB610603 and NSF Grant No. 10234010. One of the
authors ~Y.X! acknowledges the National High Magnetic
Field Laboratory at Florida State University~FSU!, part of
cooperative Agreement No. DMR-0084173 and a FSU cor-
nerstone PEG grant. A second author~S.-Y.! would like to
thank S. von Molna´r and X. Peng for useful discussions.

1H. Ohno and F. Matsukura, Solid State Commun.117, 179 ~2001!.
2Y. Matsumoto, M. Murakami, T. Shono, T. Hasegawa, T. Fukumura,
M. Kawasaki, P. Ahmet, T. Chikyow, S. Koshihara, and H. Koinuma,
Science291, 854 ~2001!.

3T. Dietl, H. Ohno, F. Matsukura, J. Cibert, and D. Ferrand, Science287,
1019 ~2000!.

4K. Sato and H. Katayama-Yoshida, Jpn. J. Appl. Phys., Part 239, L555
~2000!.

5S.-J. Han, J. W. Song, C.-H. Yang, S. H. Park, J.-H. Park, Y. H. Jeong, and
K. W. Rhie, Appl. Phys. Lett.81, 4212~2002!.

6K. Ueda, H. Tabata, and T. Kawai, Appl. Phys. Lett.79, 988 ~2001!.
7D. P. Norton, S. J. Pearton, A. F. Hebard, N. Theodoropoulou, L. A.
Boatner, and R. G. Wilson, Appl. Phys. Lett.82, 239 ~2003!.

8Y. M. Cho, W. K. Choo, H. Kim, D. Kim, and Y. Ihm, Appl. Phys. Lett.
80, 3358~2002!.

9H. J. Lee, S. Y. Jeong, C. R. Cho, and C. H. Park, Appl. Phys. Lett.81,
4020 ~2002!.

10T. Fukumura, Z. Jin, A. Ohtomo, H. Koinuma, and M. Kawasaki, Appl.
Phys. Lett.75, 3366~1999!.

11T. Fukumura, Z. Jin, M. Kawasaki, T. Shono, T. Hasegawa, S. Koshihara,
and H. Koinuma, Appl. Phys. Lett.78, 958 ~2001!.

12Z. Jin, T. Fukumura, M. Kawasaki, K. Ando, H. Saito, T. Sekiguchi, Y. Z.
Yoo, M. Murakami, Y. Matsumoto, T. Hasegawa, and H. Koinuma, Appl.
Phys. Lett.78, 3824~2001!.

13K. Ando, H. Saito, Z. Jin, T. Fukumura, M. Kawasaki, Y. Matsumoto, and
H. Koinuma, J. Appl. Phys.89, 7284~2001!.

14T. Wakano, N. Fujimura, Y. Morinaga, N. Abe, A. Ashida, and T. Ito,
Physica E10, 260 ~2001!.

15Y. Goldstein, Y. Grinshpan, and A. Many, Appl. Phys. Lett.19, 2256
~1979!.

16T. C. Kreutz, G. Zanelatto, E. G. Gwinn, and A. C. Gossard, Appl. Phys.
Lett. 81, 4766~2002!.

17J. H. Kim, H. Kim, D. Kim, Y. E. Ihm, and W. K. Cho, J. Appl. Phys.92,
6066 ~2002!.

18S. R. Shinde, S. B. Ogale, S. Das Sarma, J. R. Simpson, H. D. Drew, S. E.
Lofland, C. Lanci, J. P. Buban, N. D. Browning, V. N. Kulkarni, J. Hig-
gins, R. P. Sharma, R. L. Greene, and T. Venkatesan, Phys. Rev. B67,
115211~2003!.

19M. Viret, L. Ranno, and J. M. D. Coey, Phys. Rev. Lett.55, 8067~1997!.
20S. Yarlagadda, Phys. Rev. Lett.84, 4017~2000!.
21H. Fukuyama and K. Yosida, J. Phys. Soc. Jpn.46, 1522~1979!.
22I. P. Smorchkova, N. Samarth, J. M. Kikkawa, and D. D. Awschalom,

Phys. Rev. B58, R4238~1998!.

2378 Appl. Phys. Lett., Vol. 84, No. 13, 29 March 2004 Yan et al.

Downloaded 27 Mar 2004 to 202.194.32.3. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp


