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We report on ferromagnetic characteristics of, ZfMn,O (x=0.1 and 0.3 thin films grown on
Al,O5(00-1) substrates using laser molecular-beam epitaxy. By increasing the Mn content, the
films exhibited increases in both tlzeaxis lattice constant and fundamental band gap energy. The
Curie temperature obtained from temperature-dependent magnetization curves was 45 K for the film
with x=0.3, depending on the Mn composition in the films. The remanent magnetization and
coercive field of ZgMng ;0 at 5 K were 0.9 emu/g and 300 Oe, respectively. For-Em, 0, the
remanent magnetizatiort & K increased to 3.4 emu/g. @002 American Institute of Physics.
[DOI: 10.1063/1.1487927

There has been much interest in magnetic semicondudims, stoichiometric Zp_,Mn,O targets were ablated by the
tors which exploit both the spin and the charge of the carrithird harmonics(a wavelength of 355 njnof a Nd:YAG
ers, because the combination of the two degrees of freedotaser. The pulse duration and fluence of the laser beam were
promises new functionality of memory, detectors, and light-5 ns and 1 J/cfj respectively.
emitting sources. Possible spintronic devices are spin-valve The crystal orientation and crystallinity of the as-grown
transistors, spin light-emitting diodes, and nonvolatile storfilms were investigated using x-ray diffractidikRD) and
age and logic devices. Much effort is devoted to integratingn-situ reflection high-energy electron diffractidRHEED).
magnetic and semiconducting phenomena for the applicaFhe Mn composition in the films was determined using
tions, as well as the fundamental understanding, of the pheenergy-dispersive x-ray analysis. For investigation of mag-
nomena. A traditional method in the integration is to substi-netic properties of the films, temperature-dependent magne-
tute magnetic ions such as ®Mn Cr*, and Fé" into tization (M—T) and magnetic hysteresisv(—H) curves
nonmagnetic semiconductor$lowever, with the recent dis- were measured using a commercial superconducting quan-
covery of ferromagnetism in InMnA%J1I-V diluted mag-  tum interference devicéSQUID) magnetometefQuantum
netic semiconductofDMSs) have been extensively studied Design, MPMXL). M—T curves were measured both in
and GaMnAs exhibited the highest Curie temperatdrg)(  zero-field-cooled and field-cooled mode at the applied mag-
110 K. In this case, it is generally accepted that hole carriergetic field of 1000 Oe an®l—H curves at 5 K were mea-
generated by Mn doping induces ferromagnetic ordering irsured in the field range- 3000 Oe<H <3000 Oe.
-V DMSs.3# The crystal structure and film orientation of the as-grown

Recent theoretical calculations by Dietl al. suggested films were determined from¥—20 scans of XRD. Only
that Mn-doped ZnO would show ferromagnetiéM) behav-  (00.2), (00-4), and (00-6) peaks of Zp_,Mn,O were ob-
ior with a T¢ value well above room temperat@rseveral  served, indicating thec-axis orientation of Zp_,Mn,O
3d-transition-metal-doped ZnO films have been prepareq0.0<x=<0.3) films. However, the peak position of the
since the thermal equilibrium solubility of transition metals zn, _,Mn,O (00-2) peak shifted to lower angles with in-
in the host materials is higher than 10 moP$aHowever, the  creasing Mn concentration as shown in Figa)1 This pre-
FM phase has been observed only in Co-doped Zit@this  sumably results from the substitution of Mn ions with a large
letter, we report on the discovery of ferromagnetism in Mn-jonic radius of 0.91 A for Zn(0.83 A) sites? Due to Mn
doped ZnO epitaxial films prepared by laser molecular-beanncorporation, thec-axis constant of Zp. ,Mn,O films in-
epitaxy (LMBE). creased from 5.2190.003 A forx=0.0 to 5.2550.012 A

Zn; _,Mn,O (x=0.0, 0.1, and 0.8films were epitaxially  for x=0.1 and 5.2860.005 A forx=0.3 as determined by
grown on ALO;(00-1) substrates in an ultrahigh vacuum piotting the (00¢) diffraction peak values as a function of
chamber with a base pressure of mid-i0rorr. Growth  cog @/sin 6 and extrapolating t@=90°.1°
conditions of Zp_,Mn,0O films are similar to those of ZnO Since the#—20 scans of XRD only tracks a line ik
films reported elsewhefeFor the growth of Zp_,Mn,O space, and can not be used to conclude that the film does not
contain second phases, we measured RHEED of the films.
3Author to whom correspondence should be addressed; electronic mail:"OM the RHEED measurements, in-plane rotational symme-
geyi@postech.ac.kr try was clearly observed. The XRD and RHEED results
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FIG. 2. Temperature-dependent magnetizatioM—(T) curves of
Zny gMng ;0 and Znr ;Mn, O films at a magnetic field of 0.1 T. The abrupt
increase iNM-T curves, corresponds td. of 30 K and 45 K for
Zny gMng ;0 and Zn -Mng 0, respectively.

above Tc. As shown in Fig. 3, theM—-H curve of
Zny.gMng 10 at 5 K clearly shows a hysteresis loop, resulting
from ferromagnetic ordering in the material. Above:,
however, theM —H curve showed linear paramagnetic be-
FIG. 1. (8 620 XRD curves and(b) RHEED patterns of Zn ,Mn,O havior. This discovery of ferromagnetism in Mn-doped ZnO
films. The XRD data exhibit only £0-2) peak of Zn_,Mn,O which are  contrasts with the previous report, observation of spin—glass
s.hifted.to lower angles with increasing Mn con@tratign. Thg,mnxo behavior in Mn-doped-ZnO films grown by pulsed laser
CJiThS X;'eg[i%g;(y RHEED patterns along th2110] direction, aligned  yo 5 sitiorf This controversy might stem from the difficulty
2 ' in the reproducible preparation of samples, which has also
been occurred in Co-doped ZriQAlthough ferromagnetic
strongly suggest that the films are of high single phase. Itbehavior in Co-doped-ZnO films has previously been re-
addition, as shown in Fig.(h), RHEED patterns of the films ported,M—H curves of these films have not clearly shown
were streaky, indicating the epitaxial growth of;ZgMn,O  hysteresis loops, presumably due to very small remanent
films with smooth surfaces. From analysis of the RHEEDmagnetization ,).” However, for Zg gMng ;O in this re-
patterns, it has also been observed thaf #110] direction  searchM, at 5 K was as large as 0.9 emu/g (0/5/Mn)
of the Zn _,Mn,O was aligned with thg¢1100] direction of  and the coercive fieldH{c) was 300 Oe. For ZyMn, 20,
Al,05(00-1).8 The RHEED measurements confirm the epi-M, at 5 K increased to 3.4 emu/g (0.L&/Mn).
taxial growth of the Zp_,Mn,O films. It is also noted that our Zn,Mn,O films in this re-
The excellent crystallinity of as-grown films was also search are electrical insulators because the substitution of
confirmed by measuring XRD rocking curves. The rocking
curves of Z gMng 40 and Zn ;Mng SO films exhibited a nar-

X =

row full width at half maximum of 0.07°, comparable to that ' ' ' '
of undoped films, 0.04°. The small degree of broadening in~ | 5K LT
the rocking curves of the Mn-doped films is presumably due=
to strain induced from the occupation of Mn ions at Zn ion £ r L . 1
sites. L . "

We investigated magnetic properties on;ZgMn,O g - _'
films using the SQUID system. Figure 2 sholis-T curves s 0 . =
of Zn;_Mn,O (x=0.1 and 0.3films between 5 and 150 K. N - ]
The magnetic field was applied parallel to the surface of theg - -I:
substrate. As shown in Fig. 2, ZnMn,O films with x o -1t LI .
=0.1 and 0.3 exhibited an abrupt increaséir-T curves at (§“ ."' [
30 and 45 K, respectively, correspondingTig. In addition, I (LTI Ll Loy
the magnetization of ZjyMn, ;0 at low temperatures below 2 . : . . L .
T¢ is three to four times higher than that of Zving ;0. -4000 -2000 0 2000 4000
The increases in magnetization afig in the highly Mn- Magnetic Field (Oe)
doped film imply that Mn doping into ZnO induces ferro- .
magnetism. FIG. 3. M—H curve of Zny gMn, ;0 measured at 5 K. The magnetic hyster-

. . . esis curve was clearly observed at 5 K, resulting from ferromagnetic order-
Ferromagnetic behavior of Zn,Mn,O films was fur- ing in Zn, Mn, ;0. The remanent magnetizatioM() and coercive field

ther investigated measuringl—H curves both below and (H.) were 0.9 emu/g and 300 Oe, respectively.
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T y y , substitute for Zn ion sites and prefer FM ordering belbw
L R.T. ; of 30 and 45 K for 10% and 30% Mn-doped-ZnO films,
respectively. However, it is noted that a secondary phase
might exist in the films although a secondary phase was not
detectable in our XRD and electron microcopy measure-
ments. The possible secondary phase is manganese oxides.
However manganese oxides, MnO and Mn@re well
known to be antiferromagnetic below the éléemperature

of 116 K and 84 K, respectively. Hence, ferromagnetic be-
havior of the ZnMnO films might not be explained in terms

of the formation of the manganese oxides.

In conclusion, ferromagnetic semiconducting
Zn; _,Mn,O (x=0.1 and 0.3 epitaxial films were grown on
Al,05(00.2) using LMBE. The Mn-doped films clearly

Photon Energy (eV) showed ferromagnetic ordering from magnetic hysteresis
curves. TheT obtained from temperature-dependent mag-
F'g-o 4(5 lRoogngerqpera$Jr:e LéV ?)bsorbancet Sper?tfa OIEZMWSV(Xb netization curves was 30 and 45 K for the;ZgMn, O films
e e o e~ With 0.1 and 0., respectively. The remanent magnetiza-
blueshifts with increasing Mn content. tion and coercive field of ZyyMng ;O measuredteb K were
0.9 emu/g and 300 Oe. For ¢#Mn, 0, remanent magneti-

_ zation & 5 K increased to 3.35 emu/g.
Mn?" for the group-Il cation of Zn would not generate car-

riers. Similar behavior has also been observed in This research was sponsored by CRM-KOSHYo.
Zn,_ Mn,GeP1! The ferromagnetism in the insulating ma- R01-2001-0025pand the Ministry of Commerce, Industry
terials is not consistent with the previous report on ferromagand Energy through Energy and Resource Technology Re-
netism in 11I-V based DMS:hole carriers induced by dopingsearch and Development project.

of Mn?" into the group-Il cation mediate the interaction of

the magnetic ions, resulting in the ferromagnetic behavior.
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