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Abstract

The origin of ferromagnetism in Co-doped (La,Sr)J@pitaxial thin films is discussed.
While the as-grown samples are not ferromagnetic at room tatoperor at 10 K,
ferromagnetism at room temperature appears after angetien films in reducing
conditions and disappears after annealing in oxidizing conditions. Magneti
measurements, Xx-ray absorption spectroscopy, x-ray photoemissidnospaey, and
transmission electron microscopy experiments indicate thatrwiti@ resolution of the

instruments the activation of the ferromagnetism is not due to the presence of pure Co.
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1. Introduction

Owing to their potential for manipulating both the spin and chargeeds@f freedom in
the same material (spin electronics or spintronics), and bedhese provide an
alternative route for spin injection into semiconductors [1], dilute negg
semiconductors (DMSs) have been under intensive study over the gadé dé/hile the
DMS Ga.Mn,As has been proven to be an intrinsic ferromagnet [2], its Curie
temperature is far below room temperature (<200K) and therpfagical applications
are limited. More recently, intensive theoretical and experimental sthdiee focused on
oxide-based DMSs such as transition-metal doped ZnO [3},[#HOSNG [5], CwO [6],
and even undoped HfO[7], which were reported to show room temperature
ferromagnetism. The origin of the ferromagnetism in thesermabsten still in dispute,
because in early studies at least it was difficult to exclude the pogsibitontamination
with magnetic particles or the precipitation of magnetic rhetalusters [8,9]. The
majority of the research on oxide DMS has focused on ZnO; herepuoet studies on
Co-doped (La,Sr)Ti@ [10], where room temperature ferromagnetism and large spin
polarization are reported [11], while the host oxide is a stroogiyelated metal [12].
This material is particularly interesting because it atlomdependent control of both the
magnetic and carrier doping over a wide range as the Larff8entration ratio induces a
variation from an insulator to a metal or semiconductor. We have perfostudies by x-
ray diffraction (XRD), x-ray absorption spectroscopy (XAS)ay- magnetic circular
dichroism (XMCD), x-ray photoemission spectroscopy (XPS), transpedsurements,
magnetometry, and transmission electron microscopy (TEM) odoped (La,Sr)Ti@
with different La/Sr ratios. We show that the ferromagnetisnmot induced by Co
metallic clusters within the detection limits of the instratseand we observe no clear
correlation between the ferromagnetism and the carrier density.

2. Experimental

Stoichiometric mixtures of high purity (99.99%) &, SrCQ, TiO,, and C@O4
powders were used to preparg. &8, Tip odC 0y 003 targets with x=0, 0.2, 0.5, 0.8, 1, by
milling, pre-sintering at 900°C for 6 hours, pressing and sinterid@@@°C for 6 hours.

Films were grown by pulsed laser deposition from thesettatgeng a KrF laser with a



248 nm wavelength, 10 Hz repetition rate, and energy of 150 mJ &, giving a
fluence of around 1 J/chon the target at a substrate-target distance of 80 mm. The
deposition temperature was 600°C and the atmosphere while depositingpaimdy c
down was 18 mbar of Q. Prior to deposition the NdGa@NGO) (001) substrates were
annealed in vacuum at 800°C for two hours to give an atomically-definddces
structure, confirmed by an atomic force microscope (AFM) in tappiogle at room
temperature. The thickness of each film is around 100 nm. The owentatid
crystallinity of the films was determined by XRD with a fanircle Bruker D8 Advance
diffractometer (Cu -K). Cross-sectional TEM was performed on the sample annealed in
reducing conditions by preparation with mechanical polishing and amgomillion at 4
kV. Lattice images of the film were taken on a JEOL 4000 EX aipherical aberration
coefficient of 0.9 mm and a point-to-point resolution of 0.17 nm, operatiB§akV.
Magnetic measurements were carried out from 300 K to 5 K avifuperconducting
guantum interference device (SQUID) with the magnetic fieldiegph the film plane.
The samples were handled with extreme care to avoid contaminiagioextrinsic
magnetic elements. Electrical contacts were made withl avir@-bonder, the resistivity
was measured by the four-probe technique and the Hall effeat \ian der Pauw
configuration. XPS measurements were performed at room tempgetaing an Al K
(1486.7 eV) radiation as excitation source, at 12 kV and 33.4 mA it anb@r vacuum.
The surfaces were cleaned for 5 min iff At 5-1¢° mbar with an energy of 1 keV. XAS
and XMCD measurements on the Cg; and TiL,3 edges were performed at the
Advanced Light Source on beamline 6.3.1. The XAS signal was detedt&dlielectron
yield (TEY, surface sensitivity), at room temperature, withaaymetic field of +/-2 kOe
applied parallel to the propagation direction of the x-ray beamattez being applied at

an angle of 30° to the sample surface.

3. Results ans discussion

Figure 1 shows#-20 XRD patterns for films based oniSkayTig.96Cay 003 with x=0,
0.2, 0.5, 0.8, 1 grown on NdGa@@01). The films grow epitaxially without any parasitic
phase detected. Asymmetric reflection XRD indicates thatefixial relationship is
[100] Co-(La,Sr)TiQ (001) || [110] NGO (001), where Co-(La,Sr)ti@nd NGO are



indexed in the pseudo-cubic and orthorhombic phase, respectively. The rocking curves on
the Co-(La,Sr)Ti@ (002) reflection give a full width at half maximum of around 0.1°
which indicates a high degree of crystallite orientation. The ewolwt the out-of-plane

lattice parameter of the films extracted from the spesiavs a clear increase from x=0

to x=0.8, indicating the effective substitution of Sr by La. Howdaerx=1, the lattice
parameter value is lower than expected due to strain relax@srobserved with

reciprocal space maps, not shown here).

We have investigated the magnetic properties of the as-grows fkmboth room
temperature and 10 K. No evidence of ferromagnetism or anomaldusfidet could be
evidenced within the detection limit of the instruments for anthefLa,Sr ratios. In a
previous work [11] it has been shown that the magnetization of the fiicreases when
the deposition oxygen pressure decreases, suggesting role of oxygamcies on
magnetism. Here we focus on the evolution of the ferromagnetigin successive
thermal annealing at 500 °C for one hour in reducing (2Ardor oxidizing conditions
(air) (figure 2a). We observe that after thermal annealing under reducing conditiens
films become ferromagnetic at room temperature, and then non femetitagfter
subsequent annealing under oxidizing conditions. This evolution repeateveral
cycles, after which the effect tends to vanish, indicating thgphleeaomenon is not fully
reversible. It should be noted that no activation of ferromagnetias observed for the
clean reference NGO substrates annealed under the same conditichsexcludes any
contamination by impurities from the furnace or from the sulestrdturthermore the
total magnetization measured increases proportionally to thettilckness. A similar
reversible activation of ferromagnetism has been observed idoged ZnO, using
alternating Zn interstitial incorporation and oxidation with [©3,14]. However in our
case the activation or disappearance of ferromagnetism is supposgdlinked to an
oxygen-related effect as will be discussed below.

The maximum magnetization observed is about 3/€o, which is significantly higher
than the value of pure cobalt metal (11&2Co0). This has been observed in other studies
as well [10,11]. It might originate from the presence of high-amddpin Cé" and C3"
[15], the effective moment of high spin €qCd®") being 4.90uz (3.87 pg). However it



could also originate from a transferred moment on Ti or from g serall magnetic
moment on a large fraction of oxygen atoms, accounting for an impartemall
moment, a theory which is still in debakegure 2b shows that the Curie temperature of
the samples is around 460 K as reported in previous studies [10]afipdes present a
significant coercitivity {igure 2c) and uniaxial in-plane anisotropy, with the easy axis in
the [010] direction of the NGO substratigg(re 2d). This uniaxial anisotropy can be
caused when the films are fully strained and an in-plane datoxi the lattice
parameters is induced by the orthorhombic NGO substrate (a=0.5433 nm, b=rtih503
c=0.7715 nm). Most importantly, the anisotropy observed is an indicatidntitba
ferromagnetism is linked to the matrix through lattice stemid — as we will confirm
with other experiments — not due to randomly dispersed inclusions/tldd be caused

by external contamination.

We now focus on the transport properties of the samples. In a pewiolk where
SITiO; (STO) substrates were used to grow Co-doped (La,Sf) L&), high electronic
mobilities up to 16cnf/V s at 2 K were observed when the oxygen pressure during the
growth was low. It was suggested that the high mobility may cbora the STO
substrate and not the thin film. We have observed indeed that afterath@nnealing
under vacuum or low Opressures the STO substrates became conductive, due to the
creation of oxygen vacancies. However NGO substrates remaintingwlader the same
conditions and are therefore suitable for transport measurenwntdhie films.
Consequently, we have measured and calculated the carrier dewsitgadility as a
function of the temperature for a thin film based on Nd&a@0l) //
Lag5Sh5Tip.0dC 0 00s. Figure 3a shows the evolution of the mobility as a function of the
temperature for a lgaSrsTipedC 003 Sample as grown and annealed in reducing
conditions. At 10 K the carrier density and mobility are respelsti8-1G* cm?, 9
cn’/Vs for the as grown film and 6-¥0cm®, 6 cnf/Vs for the annealed one. The
mobility value is especially very far from the*1&h/Vs range observed in the previous
work using STO substrates [16], suggesting that it was ratberto the oxygen-
deficiency in the STO substrate, which is still a topicaliess the case of interfacial
effects [17]. The values obtained here are quite close to previoasureeents on
LagsSrsTiO3 or Layg7Sh.33T10.0dC00.003 films grown on other substrates [16,18]. The



carriers are electrons and the value for the carrier concentratiogosd agreement with
around 0.5 carrier per formula unit as expected from the film cotipo$il]. There is
no large change in carrier concentration arising from the angeainder reducing
conditions, which means that the introduction of oxygen vacancies inducaesall
variation in electron concentration. In fact, the mobility and cadensity are slightly
reduced after the annealing, implying defect trapping and soatteihile the La,Sr
ratio induces strong changes in the carrier density and mo{ilggle 1), it does not
cause any consistent variation of the magnetic moment. This coutdebpreted as a
sign that the ferromagnetism in this system is rathevateti by defects than mediated
by carriers, however there is a need for further and novel cbarations of defects and

oxygen vacancies in DMSs to support or infer such hypotheses.

Anomalous Hall effect was observed at 10 K on @53 sTig.08C0 03 Ssample
annealed in reducing conditions, as showfigare 3b. It is commonly assumed that the
observation of anomalous Hall effect is a good indicator of intrifgsromagnetism [19].
However, there seems to be a contradiction as superparamagaetissnomalous Hall
effect have been simultaneously observed in Ca:T&D] and Co-doped (La,Sr)TiO
[21]. Therefore it is necessary to investigate if thengui® Co in our system that could
be superparamagnetic.

After having investigated the conditions for the appearance of ferraetisgn, we now
try to understand its origin: is it intrinsic or extrinsic? The ligpaof the epitaxy is
confirmed by high resolution TEM as shown figure 4a, and no Co clusters or
secondary phases can be observed within the detection limits iofsthement. This is
consistent with the electron diffraction patterrfigure 4b which shows only diffraction
periodicities relating to the (La,Sr)TiCrystalline phase. To confirm the presence or
absence of Co clusters, thin films composed 0§ s8&sTig9eC. 003 have been
analyzed by XPS at room temperatUfeggure 5 shows a scan with the Co contribution
for an as-grown sample and for the same sample after anngaleducing conditions.
According to previous work [22], the €and C§* (Co™) contributions should be shifted
in energy by only about 2.8 eV (0.9 eV respectively). Thereforealiselute binding
energies do not always allow the determination of the Co cheemeabnment. Here for



the as-grown film Co 2§ and 2R, contributions are observed at 779.7 and 795.5 eV
respectively. The presence of high intensity satellite peaks at 784.8 and 801.5lad(ma
s in the figure) indicates the formation of octahedrally cooteithaCd™* [23,24]. No
significant change in the spectra was observed after the annealing.

XAS and XMCD measurements were performed at theL&poand TilL,3 edges of
LagsShsTipedC 003 thin films. Figure 6 shows x-ray absorption spectra at room
temperature at the Ch,3 and TilL,3 edges for an as-grown sample and a sample
annealed in reducing conditions. No XMCD signal could be measuredainelectron
yield for ColL,3 and TiL3 edges, indicating that these states are not polarized. The Co
L3 XAS spectra shows a multiplet structure typical of ‘Cboth for the as-grown and
annealed samples, which is in agreement with the XPS experifteatproves clearly

that the ferromagnetism does not originate from metallic Co. Menvefurther
experiments will be needed to investigate if the ferromagnetisginates from oxygen
deficiencies, as suggested in similar XMCD studies [25,26].

4. Conclusions

We have observed the activation and deactivation of ferromagnatis@o-doped
(La,Sr)TiG; epitaxial thin films. Magnetic measurements, XPS, XAS aBW Tndicate
that the activation of the ferromagnetism is not due to theepcesof pure Co, in
LagsShsTip.edC 003 samples, and it is not carrier mediated. Therefore thisrsyiste
very promising and further experiments and theoretical calculatvdhbe necessary to

investigate the role of the oxygen.
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Figure 1. XRD 6-20 spectrum of NdGa§)(001) // StLayTip.9eC.00s (100 nm) for

x=0, 0.2, 0.5, 0.8, 1.
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Figure 2. a) Evolution of the magnetization at room temperature for aopld@doy 003
sample after successive annealing in reducing or oxidizing comslitSimilar results are
obtained for different La/Sr concentration ratios. For gs&&sTio0dCy 003 Sample
annealed in reducing conditions: b) Evolution of the saturation magiamtizas a
function of the temperature c) Magnetization curve at room tenyperd} Coercive field

as a function of the in-plane orientation. Zero angle is along NGO [100].
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Figure 3. a) Mobility as a function of the temperature fog shao 5Ti0.96C 00003 as
grown and annealed in reducing conditions. b) Anomalous Hall effect measured at 10 K
on a Sg.slap sTip.9eC 0 003 annealed in reducing conditions. The ordinary Hall effect has

been subtracted for viewing purposes, the field has been varied from 9 T to -9 T and then

backto 9 T.
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Figure 4. a) High resolution TEM image, b) diffraction pattern along N[@Q0] of a

Lag.5Sh5Tip.0dC 00003 film annealed in reducing conditions.




Figure 5. XPS spectra showing Co2+ contribution for kB s5Tip.0dC 003 as grown

and annealed in reducing conditions.
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Figure 6. XAS spectra at 300 K at Co and D3 edges for LgsSiysTipedCn003 as

grown and annealed in reducing conditions.
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Table I: evolution of the carrier density and mobility at 220 K in Sry.
XL aXTio.98C00.0203 thin films.

X Carrier density (10 cm”®) Mobility (cm?/Vs)
0 insulating
0.2 2.4 5.2
0.5 6.0 4.2
0.8 9.9 0.65
1 0.082 0.021




