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Co-Zn0O 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 Physic§DOI: 10.1063/1.1690881

Magnetic semiconductor@MS) are attracting consider- cess. The Co layers were deposited by dc magnetron sputter-
able attention since they are expected to be key materials img at a growth rate of 0.07 nm/s, and the ZnO layers were
spintronic devices. Recently, stimulated by the success in M8eposited by rf sputtering at a growth rate of 0.02 nm/s. The
of Ga_,Mn,As (Ref. 1) and Ty_,C0,0, (Ref. 2, ZnO-  preparation of samples is very controllable and reproducible.
based MS have been investigated by some groups since théyalso offers some other advantages: The room temperature
are predicted to be ferromagnetic semiconductors with a higgrowth and the very small thickness of Co and ZnO may
Curie temperature above 300 K and large magnetizdtfon. enable Co and ZnO to become incorporated into each other
To date, reported experimental results of ZnO-based MS b§ince the layer thickness, the interface roughness, and the
these groups are different and even CO”tradi&‘oWNear or interdiffusion Iength are Comparable. On the other hand,
above room temperature ferromagnetism of ZnO-based M§ince low temperature growth is a thermal nonequilibrium
was found by some grougs? while other groups found no Process, it enables high _solubility of Co in ZnO and hence
ferromagnetisitf3 or a very low Curie temperatuf.Fu-  increases the magnetization. Moreover, the_loyv growth tem-
kumuraet al** and Jinet al2 observed anomalous magne- perature an(_j alternating deposition greatly I|m|t_ crystal grain
toresistance and Andet al. reported a huge magneto-optical 97°Wth and increase defects such as O vacancies or Zn inter-
effect® in ZnO doped with transition metals, but no ferro- stitials, which may increase the gonductlvny and e_nhance the
magnetism was reported. s—d exchange interaction and increase the Cuqe tempera-

However, high magnetization has not yet been achievelHre- Furthe_rmore, the structure and the composition of Co—
at room temperature in ZnO-based Mi$,and the magne- Zn0 are uniform on the nanometer scale, but there may be
toresistance becomes negligibly small above 100§ Co-rich and ZnO-rich areas on the subnanometer scale which
In this letter, we report a Co—ZnO inhomogeneous magnetiare introduced by the alternate deposition. Inhomogeneity on

semiconductokIMS), which was synthesized on the subna-(Ehe .subnanometer scale is also des_|rable for improving the
Curie temperature and magnetoresistance. The preparation

. fbr co—zno samples resembles the process for “digital al-

netoresistance at room temperature. N . o . )

: loys” of the superlattice structur®,but it is essentially dif-

The Co-zZnO IMS films were prepared on glass sub- S ;
trates by alt el tteri thin Co | f .ferent in principle in sample design.
strales Dy afternately sputtering very thin Lo fayers ot Nomi- 1,0 microstructures of the as-grown films were observed

. . sby transmission electron microscofyEM) in cross section
of 0.5 nm for 60 periods at room temperatjtee nominal (Fig. 1. The low magnification bright field TEM imadé&ig.

structure is (Co 06 nm/ZnO 0.5 nmﬁp]. The pressure of 1(a)] shows almost even contrast, and the crystallinity of the

Ar gas was stabilized at 3 mTorr during the sputtering Pro<iim is revealed in the high resolution imagig. 1(b)]. The

film is composed of nanosized particles, with average size of
dauthor to whom correspondence should be addressed; electronic mai—6 nm. No layered structures were observed, although the
shishenyan@yahoo.com film was grown by alternately depositing very thin Co and
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—— ication briaht field tional TEM imeigk intrinsic magnetically soft properties. But the loop still

. 1. Low magnification pbrig lelad cross-sectiona m a . .

high resolution TEM imageb), and an energy dispersive x-ray analysis shows the features of ferroma}gnetlsm compared with the

spectrum(c). The selected area electron diffraction pattern is in the insetlOOPS at lower temperature. Since most room temperature

of (a). MS have small coercivitythe Curie temperature of our Co—
ZnO samples is at least near room temperature. Moreover,

ZnO layers. The lattice spacings measured vary from 2.51 tgompared with thge results of other ZnO-based ferromagnetic
2.30 A in the high resolution image, indicating composi- SémiconductorS;® the magnetization of our Co-ZnO
tional inhomogeneity on the subnanometer scale, either dug@MPples is high, up to 782 emu/%(rl.OS.LB/Co). at5Kand
to inhomogenous diffusion between alternating Co and Zncp81 emu/cr (0.78u5/Co) at 290 K. We believe that the
layers, or a deficiency of O. A selected area electron diffrachigh magnetization originates from the high concentration of
tion pattern for the film is shown in the inset of Figal The ~ €0 and the design structure of the samples. _
first two rings have the highest intensity with a certain width. 1" €lectrical transport properties were measured in a
Using the externally calibrated camera length, the measuren der Pauw configuration from 4.5 K to room temperature.
d spacings of the rings midpoint in each ring are 2iig 1) The field applied is perpendicular to the film plane._ Figures
and 2.01 A(ring 2). Ring 1 is determined to be a hexagonal 3(&) and 3b) show the dependence of the sheet resist&ce
ZnO {0002 crystal structure, and the spacing of ring 2 is and _the magnetoresistan@dR) ratio on the ma_gneﬂc field
close to a hexagonal Cf®002 crystal structure. The com- @applied, measured at 4.8 and 293 K, respectively. The MR
position of an area about 10 nm in diameter across the filnfatio is defined as MR[R(Hs,T)—R(H,T)[/R(Hs,T)
was examined by focusing the electron probe, which is the
smallest probe achievable in this experiment. The composi- 1.4
tion obtained by the 10 nm probe is uniform across the film.
Atypical energy dispersive x-rafDX) analysis spectrum is
shown in Fig. 1c). Quantitative analysis gives 47.3%t. %
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%’ it is deduced that the as-grown films may consist 1.0
of subnanosized Co-rich and ZnO-rich arg@sssibly in-
cluding Zn_,Co,0, ZnO, and Cp However, we could not H (10 Oe)
directly detect the composition of a single grain and its ho- : :
mogeneity since the grains were too small to be measured by (b)
the electron probe. 203 K

The magnetic properties were measured by a supercon- g
ducting quantum interference devi(@QUID) from 4.5 K to §
room temperature. The magnetic field is applied in the =
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sample plane. The magnetization is defined as the magnetic 12
moments divided by the nominal volume of Co metal. The 0
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diamagnetic and/or paramagnetic signals of the glass sub-
strate were deducted. Figure 2 shows hysteresis loops mea- -4
sured at 5, 80, and 290 K, respectively. The ferromagnetism

is clearly shown by the coercivity, remanence, and relatively g, 3. pependence of sheet resistaRcand the MR ratio on the magnetic

low saturation field. At 290 K, the hysteregisoercivity and field applied measured at 4(8) and 293 K(b), respectively.
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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 Fige) 3
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