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V-doped TiG thin films were grown by laser ablation on LaAlGubstrates. In the chosen range of
the growth conditions, all V:TiQfilms have an anatase structure and exhibit semiconducting and
ferromagnetic behaviors at room temperature. V;Tilns have a giant magnetic moment and they
seem to be far better ferromagnetic than Co/Fe/Ni-doped Til@s. This study has proved that a
few percent of V substituting for Ti in TiQcan result in a potential diluted magnetic semiconductor.
© 2004 American Institute of Physic§DOI: 10.1063/1.1703848

Since magnetic semiconductors with Curie temperaturéion (XRD) using a Seifert XRD 3000P. The resistance of all
(Te) as high as possible are greatly demanding for the desamples was measured by the two-probe method using a re-
velopment of spintronic devices, diluted magnetic semiconsistance meter which could detect the resistance up 16 10
ductors (DMSs) and wide gap oxide semiconductors have(}. The magnetization measurements were performed by a
attracted many research groups. Among hole-doped DMSQuantum Design superconducting quantum interference de-
which have been studied so far, Co:%i@nd Fe:TiQ thin vice system from O up to 0.5 T under a range of temperatures
films have showed the highe3t..»? Besides Co and Fe, from 400 down to 5 K. The chemical compositions were
other dopants such as V, Cr, and Ni were predicted theoretdetermined by both the energy dispersive x-ray method and
cally to be able to introduce ferromagnetic ordering into anthe Rutherford backscattering spectroscopy method whose
oxide semiconductor host such as ZnO via the double exParameters were mentioned elsewhere.
change mechanism. Among all of those potential candidates, The V content in all the fabricated films is almost 5%,

V was calculated to be the most promising dopant for ZnO irgnd it does not change much while changing the growth
order to obtain a strong ferromagneti$fM) due to the fact ~conditions. Atypical XRD pattern for V:Ti9films is shown

that the energy difference between the ferromagnetic stat® Fig. 1. The V:TiQ films are pure anatase, well epitaxial
and the antiferromagnetic state is largest in this Gagew- ~ andc-axis orientedwith ¢=9.517 A, in comparison witle

ever, so far, there has been only one report about V:znO thilf TiO2 anatase as of 9.513)ANo peak of either V metal or
films* and no experimental study has been done on \4TiO vanadium oxides has been found in the spectra. The lattice
thin films, no matter what the type of film fabrication tech-

nigue. Saeket al. reported that in their V:ZnO films, even if 1500

room temperature FM was found, only metallic samples are % % %
magnetic, therefore, the nature of FM must be due to V metal 3 g 8
clusters or sd.In this letter, we report on room temperature 2 <
ferromagnetic, semiconducting V-doped Fi@in films fab- 5 1000+ E
ricated by laser ablation on LaAlGsubstrates. g

A Tig eV o0, target was made by a sol-gel method. z
200-nm-thick V:TiG films were grown by the pulsed laser §
deposition technique using KrF laser=248 nm on (001) £ 500
LaAlO; (LAO) substrates. The repetition rate was 5 Hz and
the energy density was 2 J/émFilms were fabricated at «
700, 650, and 600 °C. During deposition, the oxygen partial J L ﬂ g
pressure 'Poz) was kept as 10° Torr, and after deposition, 0 L, et L , - e e o p———" ey
films were cooled down slowly to room temperature under a % % 90 % o0 70 % %

2-Theta (deg)

Po, of 20 mTorr.

The structural investigations were done by x-ray diffrac-FIG. 1. XRD patterns for the TbsV 050, film fabricated at 700 °C under a
Po, of 2x1078 Torr and a fluence of 2 J/dmNote that only very sharp

anatase peak@narked by A appeared in the spectra and the filntiaxis
¥Electronic mail: hoahong@delphi.phys.uni-tours.fr oriented.
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FIG. 2. SEM picture for the PigsV 00, film fabricated at 700 °C under a
Po, of 2x107° Torr and a fluence of 2 J/chon a Si substrate. 6 Temperature (K)
parameters differ from those of the Ti@ost, indicating that 4 i
V really “got into” the structure upon doping. However, it is 2 )
not able to say definitely that there is no possibility for V f ]
particles to exist if they are below the detection limit of the g o
XRD. IS
Because both the V:Tig¥ilm and the LAO substrate are T -2
insulating, it is impossible to observe a clear image by a g 4] P ®)
scanning electron microscog&EM) for V:TiO, films on = —eatt

LAO without using a Pt—Pd coating. Therefore, in order to 6 e o2 00 02 03

judge the morphology of the films, instead, we observed ' ' Field (T)

SEM images for V:TiQ films grown on silicon substrates

which were fabricated simultaneously with the V:Tiflims FIG. 4. (a) Magnetization vs temperature under 0.2 T for thged¥ o 00,

on LAO in one run. From Fig. 2, one can see that the V;zTiO films fabricated at 600, 650, and 700 °C aifl magnetization vs magnetic

film has a very smooth surface, with no particles/clusters orfe!d ";;300 K for the T g5V 0,040, film fabricated at 650 °C (2 10° Torr;

it. The morphology of V:TiQ films is much better than that 2 Jlert).

of Co:TiO, films whose alien parts appeared on the surface

indicating some sort of outgrowtRBased on the acceptable remains the same for lower temperatufese Fig. 3. This is

accuracy of SEM system, we can say that VJidms on  important to note, since if the ferromagnetism that we may

LAO must have a morphology which is similar to that of find is not associated with the semiconductivity, it would be

V:TiO, film on Si. This observation enforced the assumptiona proof for V to remain as metal clusters or so, instead of

that V was dissolved well into Ti9and did not cause any peing really substituted for Ti in TiDmatrix, as in the case

precipitation. of unsuccessful doping reported in Ref. 4 for V:ZnO films or
All of our V:TiO,, films are semiconductors with the re- j, Ref. 5 for Co:TiQ films in which ferromagnetism was

sistivity at room temperature as of about X0cm (note that  pased on the formation of dopant clusters, thus the doped

due to the two-probe method, the resistance of two contactio, fims are metallic at room temperature. The magnetiza-

are included and it rises up c;wckly as the temperature in- tion versus temperatuigaken at 0.2 Tand versus magnetic

creases to reach about 30" (}cm at about 200 K and  jg|q (taken at 300 Kfor V:TiO, films are shown in Fig. 4.

Figure 4a) shows that all films have Curie temperatuilg.]

50 higher than 400 Kwith the magnetic moment remains con-
stant in the whole range of temperature belby). The satu-
£ 47 ration magnetizationNl) of V:TiO, films is rather large,
c more than one order larger than that in the case of Co, Fe, or
5 3% Ni doping®” indicating a very strong FM in those films. A
e clear hysteresis, which could be observed fidmH curves
= 207 [Fig. 4b)] taken at room temperature for V:TjGilms, en-
2 sured the observation for room temperature FM mentioned
E 101 earlier. Certainly all V:TiQ films are ferromagnetic even far
beyond room temperature.
0 50 100 150 200 250 The films fabricated at 650 °C have the largest saturation
Temperature (K) magnetic moment as of 4.23;/V. This giant magnetic mo-

ment is in accord with the prediction of the theory that, as
FIG. 3. The temperature dependence of resistivity measure by the two-proq@gards to the magnitude of magnetic moment, V surpasses
meth,%d for the TesVo.o:0, film fabricated at 650°C under Bo, of 2 o iher elements of iron group while doping it in ZnO, for
%1078 Torr and a fluence of 2 J/énNote that the distance between two St .
contacts is 50, the cross section of the sample is 5088x0.2umand ~ €Xamplet It is known that an isolated V atom has a perma-

the applied voltage is 20 V. nent magnetic moment of gg while bulk V is paramag-
Downloaded 01 Aug 2007 to 150.65.7.70. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp
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netic. A large value of magnetic moment of 4,23 per atom  tion on LaAlO; substrates from a ceramic target showed very

in our films completely rules out the possibility for V clusters good qualities. Besides a very well-established crystallinity,

to exist, because, for example, according to the experimentall the films are ferromagnetic semiconductors at room tem-

work of Douglasset al® and Liuet al.® the upper limits of  perature, with no trace of any V particle or cluster. A signifi-

magnetic moment for yand Vg clusters are 0.59 and 0.18 cant feature is that the V:TiOfilm have a large magnetic

ug only, respectively, while some computational work moment. A low doping of V in TiQ seems to result in a

brought out conflicting results as 2.78 or 0.33 for the  potential candidate to applications.

Vg.1912 A rather careful theoretical work calculated for _ ,

small V clusters showed that the magnetic moment is the The authors would like to thank Dr. W. Prellier for some

largest(as of Lug) when the size of V clusters is two atoms, XRD measurements. N.H.H. and A.H. acknowledge Profes-

and it decreases as the cluster size increases, then vanisi/?9§ F- Gervais for his support.

for Vi5(M=0.03 ug) and meanwhile exhibits some

oscillations:* Most probably, such a giant magnetic moment 1y, Matsumoto, M. Murakami, T. Shono, T. Hasegawa, T. Fukumura,

observed in V:TiQ films could be explained by unquenched M. Kawasaki, P. Ahmet, T. Chikyow, S. Koshihara, and H. Koinuma,

orbital contributions which were similarly found in Co:SpO  Science291, 854(2003). )

thin films (i.e., the orbital moment of vanadium remains un- ghV\S/arL%,tthlévgalg%égbgang, L. D. Tung, L. Spinu, and W. Zhou, Appl.

quenched since the atoms surrounding the vanadium atoms yséto and H. Katayama-Yoshida, Jpn. J. Appl. Phys., P&9,4.555

have gained a moment via electronic effé¢fsThis assump- (2000.

tion seems to be rather convincing because when the V congg- aaifi' H-JTgbﬁ\‘;a' a”i TWK?_WGL Ssogd Sta“; %mmgﬂsﬁf(é%o% w
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transition metal-doped ZnO, where the larghkt is for V 8D. C. Douglass, J. P. Bucher, and L. A. Bloomfield, Phys. Re#585341
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slight difference(a plateau stretching from Fe to Ni in com-  (1991.
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; ; ; HK. Lee and J. Callaway, Phys. Rev.4B, 15358(1993.
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