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Multilayers of Co/ZnO, with varying nominal thickness of met@-10 A and semiconductor
(2-20 A), were prepared by ion-beam sputtering. Magnetic, transport, and magnetotransport
measurements were carried out over a temperature range of 2.5 to 300 K. Upon decreasing Co
thickness and increasing ZnO thickness in the multilayer stack, the properties of the samples
undergo a crossover from those of granular metallic Co/semiconductor multilayers to a dilute
magnetic semiconductor superlattice. We interpret ferromagnetism in the latter case as due to
ordering in the Co-rich layers, mediated by carriers from lightly doped, high carrier concentration
layers. © 2003 American Institute of Physic§DOI: 10.1063/1.1629369

Development of room-temperature ferromagnéef/) films were characterized by x-ray diffracti@dRD) and Ru-
semiconductors and their nanostructures for spin electrbnicgherford backscatteringRBS). Magnetic, transport, and
has been attracting increasing effort since the discovery ahagnetotransport measurements were carried out over a tem-
ferromagnetism, with a relatively high Curie temperature ofperature range of 2.5 to 300 K on a Quantum Design
110 K, in Mn-doped GaAs diluted magnetic semiconductordMPMS-5 system.

(DMSs).2 Room-temperature FM has been recently demon- RBS studies showed the Co/Zn atomic ratios in the
strated in Co-doped oxide semiconductor films, such as angiange from 0.1 to 1.25, consistent with the expected values,
tase TiQ>* and wurtzite Zn3.®in GaN doped with Cror ~ an excess of oxygen compared to Zn in stoichiometric ZnO,
Mn,®® and Cr-doped AIN®* deposited by various tech- and about 5% of aluminurtdonor dopant Figure 1 shows
niques. However, superb magnetic properties have been ae XRD pattern for a (Zng) sCo, a),5 Sample on a glass
sociated with the presence of clusters of concentrated phasgbstrate, which reveals the nanocrystalline structure of ZnO
in a more diluted matrix for some room-temperature FMand no peaks of metallic Co. Samples with larger relative Co
samples2~10n the theoretical side, discussion continues incontent indicated diffuse metallic Co reflections. Figures
the literature on the mechanisms of FM in room-temperatur@(@—2(d) show the zero-field-coole@FC) and field-cooled
DMSs, including the role of carriers in magnetight>~18 (FO) magnetization measurements as a function of tempera-

In this letter, we report a study of magnetic and transporture in a field of 20 Oe for samples with fixed nominal thick-
properties of multilayers made by alternating deposition ofess 62 A of Co layers and varying2—20 A zZnO thick-
atomic-scale layers of ZnO and Co, with aluminum doping.ness. Magnetization is normalized to the nominal total
At relatively low Co content, this method results in a super-volume of Co, which is the same for all these samples.
lattice with alternating layers of heavily magnetically doped,Higher relative content of Co results in a granular multilayer
low carrier concentration material, and a lightly magneticallystructure, which demonstrates magnetic blocking phenomena
doped, but more conductive, semiconductor. Increasing thand superparamagnetism. Blocking is seen from splitting of
relative nominal thicknesses of the Co layers leads to a cross-
over from a DMS superlattice, with the Curie temperature T
higher than 300 K, to superparamagnetic granular multilay- 7000+ ZnO (002)
ers with zero remanence and zero coercivity at room tem- 6000-'
perature. This change is associated with a crossover fron ]
conduction of the type similar to Al-doped ZnO to variable 335000_

range hoppingVRH), with varying dimensionality, between 3 ] I (ZnozoACOZA)ZS
metal granules. £ 4000
Superlattices of Co/ZnO doped with Al, with varying £ { Glass substrate

nominal thickness of meta(2—-10 A and semiconductor gsooo-
(2-20 A), were prepared by ion-beam sputtering on silicon
and glass substrates at ro¢ambienj temperature, at a base 2000

pressure of 107 Torr and deposition Ar pressure of 1.1 Zn0 (103)

X 10 * Torr. The number of double layers varied between 15 1000+
and 25. The deposition rate was calibrated to achieve uni- 0

T v T T T v T T A r
form values of 0.22 A/s for ZnO, and 0.25 A/s for Co. The 0 20 30 4 0 60 70
¥Electronic mail: kannanmk@u.washington.edu FIG. 1. XRD pattern on sample (ZBQxC0 a)25-
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and magnetoresistance of the (ZRQCOo, a),s Structure atT=10 K
FIG. 2. ZFC and FC magnetization measurementsa20 Oe for samples  (filled triangles.
with varying nominal thickness of ZnO layexgZnO, 4C0, ),5, normal-
ized to the total nominal volume of Co metal. Inset: Magnetic hysteresis

loops measured on sample (ZQiCo, 4)2s at 10 and 300 K. ing is shown in Fig. 8) for comparison. For granular
samples with the thinnest ZnO layers, resistivity follows a
the ZFC and FC curves, and, for the sample with the thinnestRH law (In p~(T,/T)"+constant) withn close to 1/2, typi-
ZnO layerq (ZnO, 3C0, 4)25], @ maximum in the ZFC sus- cal of hopping between metal granules in an insulator at
ceptibility near the blocking temperatuféigs. 2a) and intermediate temperaturé$Detailed analyses of these data
2(b)]. The sample with the thickest ZnO layers show® that a crossover from the dominating quasi-two-
[(ZnOy 4C0, &)2s] behaves as a DMS; that is, it does not dimensional 6=1/2) to three-dimensionalnE1/2) VRH
show any sign of blocking phenomena down to 2.5 K, and itssccurs as the ZnO nominal thickness increases from 2 to 5
magnetization does not go to zero at hifhand remains A, A dependence witn=1 is observed at low temperatures,
approximately constant in the temperature range of 40 to 30foth in the sample with 20 A ZnO layers and in the Al-doped
K [Fig. 2d)]. M versus H dependences for this sample areznQ film with no Co added. We conclude that the dominat-
hysteretic both at 10 and 300 K, as shown in the inset of Figing conduction mechanisms in this sample are similar to
2, where the background signal of the substrate has begRgse in zZnO:Al. Figures @)—4(d) show the magnetoresis-

subtracted. Small values of spontaneous moment mean thafnce of these samples, measured with the magnetic field
only a minority of Co atoms are magnetically ordered. LOOpSperpendicular to the film plane, at 48 K, a minimum tem-

with no hysteresis typical of superparamagnetic materials argeratyre at which resistances for all samples were measur-
observed in samples a4Zn0O thickness 2—10 Aabove the

i able within the limitations of our instruments. We assume
blocking temperaturé¢not shown herg

) i L that the negative tunneling magnetoresistdhie dominat-
Elgures 16%)/2—3(d) show thellogarlthm.of reS|st|V|_ty as a ing in the superparamagnetic stfigs. 4a) and 4b)]. A
function of 177for samples with Increasing ZT‘O thickness. | positive magnetoresistance in samples with thicker
The dependence for a standard ZnO:Al film without Co dop-ZnO layers [Fig. 4d)] is typical of doped

semiconductoré®?? This positive component increases

8- greatly at low temperatures, as shown by the cieyéor the
/ sample with 20 A ZnO layers.
64 There are two competing channels of conduction in the
/l:/j / system, which differ in the temperature dependence of resis-
_ /D/D /Af tivity. Increasing the total relative amount of Co in the films,
E 44 Dp): AA at a fixed Al doping level, increases the resistivity of the
; AAAAA semiconductofcompare Figs. @) and 3e)]. Hence, cobalt
: 2T —(a) (ch)z‘lc;c,z‘\)25 impurities, VYhI|e necessary fpr the presence of magngtlc mo-
—24 —o—(b) (Zn0,,Co.,) ments, provide traps for carriers that mediate magnetic order.
5 | SA™ oA Upon further decreasing ZnO layer thickness, the number of
—o—(¢) (Zn0 C°zA)zs Co metal inclusions grows, which leads to increasing con-
0 ductivity via intergranular tunnelinghopping channel. At
—4—(d) (Zn0,,,Co,,),, the same time, the number of carriers in the semiconductor
21T —e—(e) ZnO matrix, needed for mediating FM in DMS, decreases sharply,
0.05 0_'10 0.'15 0"20 0?25 and high-temperature FM dlsappears: Now let us COI.’ISIdeI’
T (K'"z) the FM st_ructur_e (Zng xCo, a)25. This sarr_lple contains
no metal inclusions, based on both magnetic and structural
FIG. 3. Logarithm of resistivity as a function of /2 results. We assume that, due to limited diffusion length at
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