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We report on the observation of remarkable room-temperature ferromagnetism in epitaxial
(Zn,Mn)O films grown by a pulsed-laser deposition technique using high-density targets. The
optimum growth conditions were demonstrated from x-ray measurements, microstructure,
Rutherford backscattering, micro-Raman, and magnetic studies. Superior ferromagnetic properties
were observed iiZn,Mn)O films grown at a substrate temperature of 500 °C and with an oxygen
partial pressure of 1 mTorr. Ferromagnetism becomes weaker with increasing substrate temperature
due to the formation of isolated Mn clusters irrespective of higher crystalline quality of the film.

© 2005 American Institute of PhysidDOI: 10.1063/1.1897827

Diluted magnetic semiconductof®MS) that involve reporiL3 of ferromagnetism in both ZnMnO bulk and thin
charge and spin degrees of freedom in a single material afdm with ferromagnetic Curie temperatufe.>420 K has
expected to play an important role for the fabrication of po-aroused intense interest in this wide band gap semiconductor
tential device applications in which both memory and logicfor possible spintronic applications. There are large contro-
operations could be seamlessly integrated on a single devicgersies and difference in results, which are attributed to the
These materials exhibit many interesting magnetic, magnetctifferent synthesis techniques and different degree of Mn
optic, magnetoelectronic, and other properties. Following theysters that are responsible for antiferromagnetic behavior.
recent discovery’ of ferromagnetism in Ga,Mn,As, witha | this letter, we demonstrate the remarkable room-
Curie temperaturélc~100 K in the x=0.03-0.07 range, (emperature ferromagnetism in epitaxial ZnMnO  films
Mn-based I1l-V DMS received much attention. However, thegrown by the PLD technique using high-density targets. We

introni licati ¢ ¢ N Followi thshave elucidated the optimum substrate temperature for the
spintronic applications at room temperature. FOlowINg the,,q ation of the ferromagnetism in this system from x-ray
theoretical predlctlo‘qhthat transition metals, especially Mn,

doped with GaN and ZnO could show large ferromagneticmeasurements’ microstructure, Rutherford backscattering

Curie tem . ; {JRBS), micro-Raman, and magnetic studies.

perature, numerous studies have been carried out Z0MNO/Sapphir00 itaxial fil b
on (Zn,Mn)O and(Ga,MnN systems. The recent discovery nvin©/sapp ire ])'ep| axial fiims were grown by
of ferromagnetisr‘h’s in (Ga,MnN, at temperatures much the PLD technl_queéKrF excimer\=248 nm, laser repetition
higher than room temperature, has fueled hopes that thedgt€ Of 5 H2 with a pulse energy density of 1-2 J/tand

materials can indeed have a profound technological impacHt”iZi_”g both target and substrate rotation facilities._ H?gh—
However, there remain controversies about the origin of ferd€NSity Z3,0Mno.oO (ZNMnO) target was used. Stoichio-

romagnetic behavior in GaMnN due to very poor solubility Metric amount of ZnO and Mngbot? 99.99% purity pow-
(~3 mol %) of Mn into Ga sublattice. Because of higher ders were mixed, calcined at 400 °C for 12 h followed by
thermal solubility of Mn into ZnQ(~10 mol %), it becomes  Sostatic pressing at 400 MPa, and finally sintered at 500 °C

obvious that the next candidate for studying magnetism irf? order to make high-density target. The films were depos-
DMS materials iS(Zn,Mn)O. ited with a substrate temperatufg=500—-650 °C, keeping
There are several repofté where ferromagnetism in Oxygen partial pressure BO1 mTorr. Clean single-
bulk, nanostructures and Mn ion-implanted ZnO films hascrystalline sapphire substrates were loaded to the chamber
been observed. The reported ferromagnetic transition ten@nd heated just after the ultimate base pressuré
perature, however, varies from 50 to 300 K. On the otherx 10°8 Torr is reached. The x-ray diffractiofXRD) of the
hand, ZnMnO films prepared by magnetron sputtetthg, films was performed in a Rigaku x-ray diffractometer using
pulsed-laser depositibh (PLD), and polycrystalline Cu Ka radiation. The Raman spectra were recorded using a
sample%:2 did not show ferromagnetic behavior. A recent LabRam micro-Raman spectrometer with He—Ne laser exci-
tation (wavelength: 632.8 nin The magnetization was mea-

3 Author to whom all correspondence should be addressed: electronic maifured using Q_Uantum Design superconducting quantum in-
apradhan@nsu.edu terference devic€MPMS).
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FIG. 1. XRD pattern of ZMnO films grown on sapphire substrates at dif- Raman shift (cm )
ferent substrate temperatures. The inset shows the rocking curveg0Rr
reflection of the film grown at different temperatures. FIG. 3. Raman spectra of ZnMnO films grown at different substrate tem-
peratures. The spectra for the subst(apphirg and the ZnMnO target are

also shown.

Figure 1 shows the XRD patterns of ZnMnO/sapphire
(0009 films grown at three different values with a con-
stant PQ. The XRD patterns for all films reveal only one
strong orientation002), illustrating the epitaxial nature of
the film. The rocking curves for the epitaxial growth of the
films with different substrate temperatures are shown in th
inset of Fig. 1. The full-width half maximé&WHM) calcu-
lated from x-ray(002) line broadening shows that FWHM
decreases from 0.4° to 0.17° with increasifig from
500 to 650 °C at P©=1 mTorr, illustrating the higher crys-
talline quality of the film grown at a higher temperature. It is
interesting to note that not only the peak position of the film
grown at 500 °C shifts to lower angle, but also it is poorer in
crystalline quality although it is epitaxial. A peak shift to
lower values indicates that Mn is incorporated i7nto the Zn
lattice which is consistent with the previous repotiow- N Mn.O. The simulated results show that the film thick-

i i 1-x X~

ever, the peak broadening observed for the film grown aﬁess is between 500 to 300 nm for films wit,

500 °C is mainly a consequence of poor crystalline quality o . . i
most probably due to the presence of ZnMnO in ZnO. =500 to 600 °C, respectively, and these are in good agree

The atomic force rmictoscopyAFM) images of as- gt aec (et 0 X e hose based
grown ZnMnO films are shown in Figs(&-2(c). The re- on the assumption of uniform Mn dispersion in ZnO. The
RBS spectral lines are assigned to each elements present in
the film. The simulated results from the RBS spectra give the
composition of Zn:Mn0=0.49:0.02:0.49 foil =500 °C,;
and Mn=0.027 and 0.057 foFs=550 and 600 °C respec-
tively. The increase in Mn concentration is believed to create
isolated Mn clusters. A close inspection of the RBS spectra
also shows that the peak due to Mn becomes more prominent
with increasingTs. The RBS spectra clearly illustrate that
both crystalline quality and orientation improve with increas-
ing T, which is consistent with the XRD results. In addition,
RBS spectra also indicate that Mn diffuses into the sapphire
substrates with increasini;.

Figure 3 shows the Raman spectra of ZnMnO films
grown at various temperatures, sapphire substrate, and the
target material. The most intense peak found at 437'¢m
film corresponds to the vibrational mode B}9", and it is a
typical Raman peak of ZnO bulk. The additional low inten-
o 60— 800 sity peaks observed in Fig. 3 are assigned to their respective
Channel modes. The modes at 203, 333, and 664, and above
FIG. 2. (Color onling AFM pictures of (&) as-grown ZnMnO atT 1000 cm?, are due to the multiphonon sqattering process.
=500 °C, (b) at T,=600 °C, and(c) at T.=650 °C. All scans are Zm The E; phonon mode centered on 437 Cnis obviously a
X2 um in dimension.(d) RBS spectra of ZnMnO films grown at various 900d choice in order to understand the stress-induced phe-

temperatures. The simulated curves are also shown. nomena in wurzite ZnO films. However, tl® phonon fre-
Downloaded 14 Nov 2006 to 129.93.16.206. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp

markable improvement of the crystalline quality and surface
morphology is very clear with the increasifig. The grain
size dramatically increases with increasiihg resulting in

igh-quality epitaxial film grown at high€eFs. For example,

he grain size increases from 50 nm to 65 nm with increasing
T, from 500 to 600 °C. The grains become very uniform and
even coalesce in films grown at higher temperature, such as
films grown atT,=650 °C. The surface roughness decreases
from 3 nm to 2 nm(root-mean-square valuwith increasing
T, from 500 to 600 °C.

The composition of the films was determined using

3 MeV He&* RBS spectra. A typical result is shown in Fig.
2(d). The simulation of the RBS spectra was performed using
GISA 3.9 prograrfi’ assuming the composition to be

b. units)
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e formation of clusters either in Mn—Mn or Mn—O—Mn form is
a0 ZnMnO Fiim B low in a dilute limit where MA* substitutes Zfi" sites. Our
POy=1 mTorr magnetic experiments demonstrate that the substrate tem-
20 B perature plays a dominant role for determining the cluster

density that determines the ferromagnetic behavior in
ZnMnO films. On the other hand, a pronounced ferromag-
B netic behavior occurs at an optimum substrate temperature.
This is in contrast to the recent experimental repbrtsAl-
though it remains challenging to utilize ferromagnetic Zn-
MnO films for potential applications due to their relatively

» poor crystalline quality, a great deal of research is necessary
for the optimization to obtain device-quality films. However,
the unambiguous observation of ferromagnetism in this
semiconductor is of intense scientific and technological in-

Magnetization (emu)

essesenssnnssesaseradboss i

terest.
B In conclusion, we have demonstrated that ZnMnO films
NI o e e o show remarkable ferromagnetic properties at room tempera-
-2000  -1000 0 1000 2000 ture when the films are grown at a substrate temperature of

Magnetic field (G) 500 °C and oxygen partial pressure of 1 mTorr. Although

FIG. 4. Ferromagnetic hysteresis loops of ZnMnO films are shown for5anacrysw.‘IIIne quality of the films is greatly Improved. with in- .
300 K grown atT.=500 °C and for 300 K aT,=550, 600, and 650 °C.  creasing substrate temperature, the ferromagnetic properties
disappear. One of the main reasons of such disappearance of

1 L ferromagnetic behavior in ZnMnO may be related to forma-
quency observed at 437 cindid not show any significant tion of Mn-related clusters, which are favorably created at

change in the Raman shift. In addition, we did not observ%i her temperatures
any extra peaks related to Mn, suggesting that Mn is incor- 9 P ’

porated into Zn. On the contrary, the RBS spectra show the  Thjs work is supported by the National Aeronautics and
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