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Ferromagnetic Cr-doped ZnO for spin electronics via magnetron sputtering
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Through nonequilibrium rf magnetron cosputtering of ZnO and Cr meta-plane ALO; we find
ferromagnetic ordering with a room-temperature saturation moment afdr Cr ion at a doping
concentration 0of~9.5 at. % after UHV postanneal. No secondary phases are detected in the films
via x-ray diffraction (XRD). Increased Cr doping causes disorder within the films resulting in
decreased overall, and per Cr, moment. The Curie temperature exceeds 365 K, the maximum
temperature reached in our experiment. All films are dielectric with a resistivity higher than
10° ) cm at room temperature. The lack of carriers indicates that the ferromagnetic mechanism is
not carrier mediated. @005 American Institute of PhysidDOIl: 10.1063/1.1847914

Oxide diluted magnetic semiconduct¢®MSs) have re-  glass state. The ferromagnetic state in Cr-doped ZnO would
cently been of intense focus as a subset of the field of spialso be more energetically favorable than that in Co-doped
electronics primarily due to the observed Curie temperaturesZznO. However, ZnO doped with chromium has received
exceeding room temperature. These observations are little experimental attention, in spite of the similar atomic
agreement with the theoretical predictions for several wideradii of Zr?*(74pm and CF*(73pm), favorable for doping,
band-gap DMS materiafsTheir large band gaps also make and the large moment of &¥4ug). The few initial reports
them mostly transparent. AIN, GaN, GaP, }j@nO, SnQ, were negativé.Reference 18 reports a ferromagnetic sample
and others have been considered as candidate host materiplssed on remanent magnetization, but a lack of structural
for DMS in spintronic applications with varying succéss. characterization of the material allows the possibility for fer-
The cause of ferromagnetism in doped oxide materials is stillomagnetism to have arisen from an unidentified oxide
undeterminetiwith several candidate mechanisms includingphase. Ferromagnetic ZnO: Cr was also found when codoped
double exchangé, carrier-mediated Ruderman-—Kittel- with Li, but the magnetic contribution from Zngd, has not
Kasuya—Yosida|RKKY-type] coupling? super exchang®, been ruled out®
and the most recently proposBecenter exchanggZnO has In this paper we investigate the magnetic response of
been of primary interest as a DMS since Dietlal? pre-  cosputtered ZnO doped with chromium. The primary goal
dicted a Curie temperature greater than 300 K for Mn-dopedgenters on achieving a maximum spontaneous moment per
p-type ZnO in 2000, and a subsequent experimental findin€Cr atom in a thin film, which was 14, at 9.5% at room
of Co-dopedn-type ZnO was published in 2001 by Ueda  temperature, with no indication of secondary magnetic
al.® Recent work has resulted in transition-metal dopantphases. We find ferromagnetism that improves with ultrahigh
achieving ferromagnetism imtype ZnO(Mn, Co, Ni, V,and  vacuum annealing, while magnetization and structure de-
Fe dopants®*° Wurtzite ZnO is commonly used in optical grade with increasing doping over 9.5%. The films are di-
applications as it has a wide band gap of 3.2 eV, making ielectric with resistance per square exceeding €0 with no
transparent, and has a large exciton binding energy of 6@hange discernable upon annealing due to instrumental limi-
meV1 Znois typicallyn type, and its electron concentration tations.
can be greatly improved by doping with Al, Ga, or In. A Growth occurred in a high-vacuum magnetron sputtering
p-type ZnO has proven difficult: requiring controlled nitro- deposition chamber through the cosputtering method with a
gen deposition conditions and gallium dopitig; although  minimum base pressure 6f5x 107 Torr and deposited in
activated phosphorus by rapid thermal antiealso appears an Ar atmosphere of 8 1072 Torr. ZnO was deposited from
to producep-type ZnO with no independent confirmation g pulk target, prepared by standard ceramic techniques, with
reported by the time of writing! a rf power supply at a rate of 0.15 A/s at 25 W. Cr was

First-principle calculatior’$"” indicate that the ferro- deposited from a metal target with the rf power adjusted to
magnetic state of ZnO:Cr would be more stable than a spincontrol doping concentration. Films were grown at various
nominal substrate temperatures of 250-550+50 °C on
?Electronic mail: Kannanmk@u.washington.edu a-plane AbO5(1120 substrates. Film thickness varied in the
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FIG. 1. Rutherford backscattering channeling data showing ZnO film with

9.5 at. % Cr. Thg symt_)ols are from _experimentall measurements; the g 5 Theta—2Theta diffraction patterns of ZnO(LE%) after two an-
results from the simulation of doped film on sapphire substrate. nealing treatments &t=600 °C in ultrahigh vacuum showing no change in
ZnO structure and orientation or additional phase creation. ZnO samples
. . were grown on sapphire substrates and measured with a Si sample holder
50-70-nm range. Magnetic characterization was performegbsulting in several background peaks. Plots for as-grown and annealed

on a Quantum Design MPMS-5 superconducting quantunsamples have been offset for clarity and are otherwise nearly exactly the
interference devicéSQUID) in the temperature range 5 to Same:

365 K and fields of up to 0.5 T. A Rigaku x-ray diffracto-

meter(XRD) with rotating anode and Oki,(\=1.54 A) ra-  (emu/cg and per Cr atom. This correlates with deterioration
diation was used for x-ray reflectivity to measure thicknessf the crystal quality at increasing concentration. The 9.5%
and -6 scans for crystal structure. Rutherford backscattercy doping sample shows a large saturated moment of
ing (RBS) and proton-induced x-ray emissidRIXIE), as 1.2, per Cr atom and open hysteresis loops both at 5 and
well as energy dispersive spectroscofDS) were per- 300 K prior to annealFig. 3, the diamagnetic substrate sig-
formed to determine the composition. Some films were anng| has been subtracted herEhis sample shows sharp ZnO
nealed in an ultrahigh vacuum chamber at®IDorr, where  peaks in XRD(Fig. 2 as well. Figure 3 shows an increase in
the samples were shielded from errant evaporation from thesmanent magnetizatidiM,), coercive fieldH,) (insef, and
heating lamp by Si shields. The sample temperature at anneghturation magnetizationM) (to ~1.4ug/Cr aton) after
was roughly 600 °C. A typical annealing treatment occurredyHy annealing. To study temperature-dependent magnetic
with a ramp up for 45 min, hold for 1 h, and cooled in properties, we use measurements of thermomagnetic rema-
vacuum. nence(TMR) to eliminate the effect of the substrate. Rema-

Wurtzite ZnO growth ona-sapphire via sputtering oc- nent moment is measured in increasing temperature from 5
curred best at substrate temperaturesd80 °C. Increasing

Cr concentration above 9.5% or increased ZnO deposition

rate above 0.3 A/s shows a trend towards polycrystalline 1.5 T T
ZnO or amorphous films. All experimental results shown in ——as grown
this paper are for samples with composition, §z62ng 90O 1 [ | % anneated -

as determined by RB&-ig. 1) and confirmed by EDS. Fig-
ure 1 shows the experimental result of RBS channeling mea-
surement in symbols, with the solid line representing the
simulated result for GrygsZng go0. Pole figures of this
sample composition indicate that the growtltiaxis prefer-
ential with two orientations at 60°, indicated by six spots in
the pole figure. XRD 2-6 data in Fig. 2 shows no structural
difference between an as-grown sample and samples an-
nealed in ultrahigh vacuum. No anomalous peaks indicating
phase formations other than ZnO are found in XRD measure- ,
ments. We assume that Cr ions disperse throughout the ZnO N "_1/
matrix substituting for Zn, but this assumption awaits defini-
tive confirmation.

Initial magnetic measurements of the as-grown samples

indicatg that spontaneous moment decreases a'F doping COfg. 3. Hysteresis loops of as-grown and annealed samples showing an
centration over 9.5% Cr, both over the entire samplancrease inVig,M,. The inset shows the coercive fields.
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' ' ' ' ' ' ' perature with no measurable difference postanneal. Thus the
04 | film is ferromagnetic in the dielectric state, making an appli-
28 grown cation of the theories of carrier-mediated magnetism prob-
_ lematic. This question requires further investigation.

The data presented in this paper show that ZnO can be
. made ferromagnetic by doping with Cr, though more charac-
terization is needed to determine the Cr valence. No second-
ary magnetic phases are detected by XRD either. The mecha-
nism of ferromagnetism is not clear but does not appear to be
carrier mediated as ferromagnetism is observed in the dielec-
] tric films.
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