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The effect of film thickness on the magnetic and magneto-transport
properties of Sr ,FeMoOg thin films
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Abstract. Magnetoresistive SFeMoQ; thin films were grown by pulsed laser deposition with threfedent
thicknesses 150 nm, 270 nm and 500 nm. Structural, magnetic and magneto-transport properties of the films were
measured. Structural properties showed that impurity phases are formed when the film thickness exceed limiting
thickness over 300 nm. Otherwise no majoffetiences were observed in structural and magnetic properties
between the films. The semiconductive upturn was observedfTglicurves, but it was notably smaller for the

two thickest films. At 350 K the magnetoresistive (MR) behaviour was very similar for all the films, but at 10 K
the negative MR was clearly largest for the thickest film and also the shape of the curve in low fields deviated
from others.

1 Introduction the T¢'s of polycrystalline samples are quite close to the
theoreticalT¢ value 410-450 K, but in thin film samples

Double perovskite $FeMoQ; (SFMO) is an extremely  the T does not usually reach as high values.

interesting material having high potential for spintronic and Earlier investigations have shown that tie of

magnetoresistive applications. It is half-metallic resulting LagStosMnOs, which has similar half-metallic properties

in_ 100 %spi_n polarized charge carriers and it has one oftheas SFMO, is o]ecreased in thinner samples and the mag-

highest Curie temperaturekg, among half metals, around  otie hroperties are strongly related to the strain caused by

410-450 K [1-4]. In order to reach applications which op- o migmatch between the sample and the substrate [19].

erate at room temperature, the fabrication of high quality The saturation magnetization of SeMoGs,x thin film

thin films with Tc clearly over room temperature is neces- |\ s hean seen to increase with increasing thickness, when

sary. Even though the properties of SFMO are excellent forSr—I—iO3 (STO), LaAlO; and MgO substrates are used [’20].

these applications, the fabrication of SFMO. thin films has ¢ saturatio’n magnetization, however, remains constant

proven to be diicult [5-7]. The challenges in the SFMO with varying thicknesses when §BaysTiO3 substrate,

thin film fabrication are due to extreme preparation con- which has the best match with SFMO, is used [20]. The
ditions and easily formed impurity phases [5,6,8-10]. The temperature dependence of resistivitg/ in,FRIMoQ. .

Eest method toschie;/e gulre an<(jjfu||y t_e'xturtlaDdLgFl\/éO fillnis films is strongly dependent on the choice of substrate and
as proven to be pulsed laser deposition (PLD) [5,6,11], i fiim thickness [20]. It has been found that the temper-

because it does not require such a high vacuum and a stoay e gependence of resistivity in SFMO films grown on
ichiometric target can be used. Earlier we have reportedgtg changes dramatically when the film thickness is un-
SFMO thin films with no indication of dierent orienta-  jor 66 nm and when the thickness is over 120 nm the typi-
tions or impurity phases made with PLD in/Ai2(5%) at- ¢ oy temperature upturn is seen in resistivity behaviour

mosphere and at 1050 deposition temperature [5]. More 1561 “aisq the surface roughness increases with increasing
commonly used deposition atmosphere is oxygen [8, 11— . \ nass [21].

13], but it has been shown that an oxygen backround pres-
sure higher than 18 mbarleads to impurity phases [8].

In addition to impurities, the anti-site disorder (ASD),
where Fe and Mo transpose their positions in the lattice,
together with possible oxygen vacancies have a strong de
teriorating €fect on the magnetic properties of the SFMO
thin films [14—16]. Both ASD and oxygen vacancies nar-
row the band gap in the majority spin up band until at
higher concentrations the half-metallic feature of SFMO :
electronic structure is lost [16-18]. ASD is easily formed € &- [21], however, do not show pseudomorphic growth

in thin film samples and it is strongly related to the strain of N0 fully relaxed film even at thicknesses over 100 nm.
SFMO film [7]. This could be the reason for the earlier ob- ©ON€ Of the problems that needs to be solved before fab-
served change in thee between polycrystalline and thin rication of SFMO based m_ult|layer structures, is to im-
film samples. It has been shown that polycrystalline target ProVe Tc and other magnetic properties that are reduced

used in deposition hake around 400 K, whiie thd@c of from bulk samples and at the same ti_me not compromis-
thin films made of this target is at most 375 K [5]. Often "9 the surface rou_ghr_less. Because it has_ been ob_served
in Lag7Srh3sMnOs thin films that the magnetic properties

@ e-mail:minnamari.saloaro@utu. fi improve with incresing thickness [19], it will be very in-

Only few studies have been published about the ef-
fect of film thickness on the structural, magnetic and trans-
port properties of SFMO thin films and the published re-
sults do not show consistency. Fakal. [22,23] have ob-
tained pseudomorphic epitaxial growth in SFMO films on
STO substrate when the film thickness is less than 50 nm
and fully relaxed films when the thickness is larger than
80 nm. Our earlier results [5] and results from Boucher
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teresting tdfind out the éect of film thickness in case of ‘

SFMO. &9 52 —
In this paper, we have fabricated SFMO thin films with S8 —

different thicknesses at optimized deposition temperature
and atmosphere. We have clarified tifkeet of film thick-
ness and the strain caused by the lattice mismatch on the
structural, magnetic and magneto-transport properties of
SFMO thin films.
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2 Experimental methods

The SFMO thin films were deposited with pulsed laser de-
position on the SrTi@(001) single crystal substrate. Films
were made in AH,(5%) atmosphere in 9.5 Pa pressure Fig. 1. Detail of theg-20-scandetween 45and 55.
and the deposition temperature has been 105The de-
position is described in detail in ref. [5]. The films were
made with three dierent pulse numbers: 2000 (S2), 4000 1 o ‘ Cos2 e ]
(S4) and 8000 (S8) leading to thickness of 150 nm, 270 nm
and 500 nm as measured by AFM profilometry. Structural
characterization were done with X-rayfilaction (XRD)
and atomic force microscopy (AFM). XRD measurements
were carried out with Philips X'pert Pro MPDftliactome-
ter using a Schulz texture goniometer. The phase purity,
orientation, lattice parameters and the strain of the films
were determined frond-20-scans, texture measurements
and @-¢-scans. Texture of the films were measured for , ‘ ‘ ‘ :
rity phase Fe (110) peaksd2 44.98) and SrMoQ (112) TK)
peaks (2 = 27.68). The AFM was used to determine the
surface structure and the root mean square (RMS) rough- . o
ness of the films. Elg. 2 Temperat.ure dependences of magnetlzat!on for fall the
Magnetic and magneto-transport properties of the films films in 100 mT field. The measurement were carrn_ad o_ut in two
. . parts from 5 K to 275 K and from 300 K to 500 K withftérent

were dete_rmlned W'.th a SQUID magnetometer and Quan'measuring configurations. This enables the use of the wide tem-
tum Design Physical Property Measurement System perature range, but causes the lack of measuring points near 300
(PPMS). SQUID magnetometer was used to determine the,
magnetization curve$/(T), in 0.1 T magnetic field, which
was in parallel with the plane of the films, and these curves
were used to determine thie of the samples. The tem- nole figures as expected for fully textured c-axis oriented
perature dependence of resistivity was measured in O Tjim, The lattice parametemandc were determined from
50 mT, 100 mT, 500 mT, 1 T and 5 T fields with PPMS.  the 9-2¢- and 2-¢-scans. The parameters are 5.532 A,
Magnetoresistance between -8 T and 8 T fields was alsos 610 A and 5.595 A for S2, S4 and S8 respectively. Cor-
measured with PPMS at 10 K and at range of 50-350 K respondingly thec parameters are 7.952 A, 7.928 A and
with 50 K steps. The external field was perpendicular to 7,904 A. Compared to the lattice parameters of the target
the plane of the films during these measurements. used in depositiona(= 5.587 A andc = 7.970 A [5]), the

ais approximately equal in S4 and S8 films, but smaller in

S2 film and thec is smaller in all the films. At the same

M (10° A/m)

3 Results and discussion time the lattice parametex of the thinnest film is clos-
est to the corresponding diagonal of STO substrate (5.52
3.1 Structural and magnetic properties A). When the film thickness increases the parametie-

creases and the parameteincreases from S2 to S4 but
According to the XRD results, the S2- and S4-films are is approximately same in S4 and S8 films. The changes in
phase-pure and fully textured. The¢-scans did not show  Volume of the unit cell4V = Vfim — Viarger, are however
any impurity phases and only SFMO (PPeaks for these  rather small from 0.73 Afor S4 to -1.35 A for S8 and
two thinner films, but the detail of the-26-scans shown  -5.42 A% for S2.
in Fig. 1 reveals impurity phase peak neaf & S8-film. The Z-¢-scans of the SFMO (204) peak was used to
Similar impurity phase peak is also observed in S8-film at determine the 2 and ¢ full width at half maximum
around 25 and these cannot be identified to any typical (FWHM) at the peak. The@WHM values increases with
impurity of SFMO, but could indicate presence of,Be. increasing thickness being 05(2), 0.63 (S4) and 0.75
Because the R8s is weakly magnetic, it could not be de- (S8). When the 2instrumental width is 0.3 it is clear that
tected with any magnetic or magneto-transport measure-all the films have variation in the volume of the unit cell
ments. The SFMO pole figures however show only clear and the distribution of the unit cell volume through the film
(204) and (132) peaks and no texture in the impurity phaseincreases with increasing thickness. This, together with the
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Fig. 3. Temperature dependence of the resistivity change for all Fig. 4. Magnetic field dependence of magnetoresistance for all

the filmsin O T and 5 T magnetic fields. The inset shows the the sampleat 350 K and 10 K. The inset shows the detail of the

temperature dependence of magnetoresistance for all the films incurves at 10 K and in low magnetic fields. The curves in the inset

1T and 5 T magnetic fields. are shifted from each other in order to see théedént shape of
the curves in low magnetic field range.

lattice parameter values, means that the thinnest S2 film is

most strained and the strain decreases when the thickness L . .

increases. The FWHM values are 0.64(S2), 0.65 (S4) Is seen. The resistivity behaviour of two thicker S4- and
and 0.72 (S8) and thep instrumental width is 03 This S8-films are very similar, but fier dramatically from the

indicates the presence of low angle grain boundaries in allfesistivity beha\(|0ur of the thinnest S2-film. For the_ S2-
the films, but the amount of these boundaries is quite low [IM: the upturn is clearly largest as also the change in the

until some critical thickness over 270 nm is reached. resistivity. The zero field resistivity at 10 K is §.8m for
RMS-roughnesses were determined as an average o§2'f'|m’Wh'C.h is also remarkably Iargerthan 'Fhe_value_s 2.7

AFM image taken with 5¢ 5 um?, 10 x 10 um? and 20 me for S4-film and 3.3:Q2m for $8-f|lm. Earlier investi- _

x 20 um? scans. The RMS-roughness of the S2-film is gations have shown that the strain reduces the band gap in

14.00 nm, for the S4 film it is 15.87 nm and for Sg-film the majority spin band [22], which makes the excitation of
17.21 nm. All the values are quite close to each other butthe electron to the conduction band easier and that way en-

a slight increase in RMS-roughness with increasing thick- ables the SFMO film behave as a system with semiconduc-

ness is observed. The RMS-roughness values are also quit ve majority spip band. The XRD res_ults shoyved, the 52-
high compared to the previously obtained values (from 2.7 M is more strained than the thicker films, which could ex-
nm to 9.7 nm [5,24]) and considering the possible multi- plam the gregte:\r.sem[cqnductlve upturfincurve of S2-
layer structured applications. The film thickness was deter-filM- The resistivity-minimum temperature,(rin) were
mined with AFM over an edge etched with nitric acid. The determined from the temperature derivative of the resistiv-

thickness is 150 nm for S2-film, 270 nm for S4-film and ity as an average_of the values irffdrent magnetic fields.
for S8-film 500 nm. For S2- and S8-films th&,_n» was around 68 K and for

The temperature dependence of field-cooled (FC) mag->4-film around 59 K. The variation of thE,_mi values

netization is shown in Fig. 2. The Curie temperatlige " Magnetic field was however clearly greater in S8-film,
was determined from the curves at the point where the Whilé it was approximately same for S2- and S4-films.
magnetization deviates from the minimum and the point Fig. 4 shows the magnetoresistance (MR%Rs —
is shown with an arrow in Fig. 2. Only slight changes in Ro)/Ro x 100) of the films at 350 K and 10 K, while the
the Tc were observed between samples. Theof the S2- inset shows the detail of the 10 K curves in low magnetic
film is 380 K, for the S4-film thd ¢ is 378 K and itis 372  field. At 350 K, where the ferromagnetic interaction is al-
K for S8-film. Thus, theTc appears to slightly decrease ready quite weak, all the films show very similar magne-
with increasing thickness. Because of the uncertainties intoresistive behaviour. At 10 K negative magnetoresistance
film thickness and area measurements the magnetisation ois obviously largest around 15% for the thickest S8-film
all the films at 5 K are approximately same within the er- and also the shape of the curve for S8-filnftelis from
ror limits. Therefore, we can conclude that the magnetic others especially in the low field part. The negative mag-
properties do not significantly change in SFMO films with netoresistance of S2- and S4-films are more similar, even-
different thicknesses, but after some threshold thicknessthough the MR% is around -11 for S2-film and -9 for S4-
over 300 nm, an impurity phase is formed. film. Because the shape of the curves in Fig. 4 changes
between the samples especially in low fields, it gives indi-
cation that the same magneto-transport mechanism is not
3.2 Magneto-transport properties dominant in all the films. Our earlier investigation have
also shown that the MR in SFMO thin films cannot be ex-
Change of the resistivity in regard to minimum of the re- plained with any common MR mechanism [25]. The tem-
sistivity, 4p = p(T) — pmin, @S a function of temperature is perature dependence of magnetoresistance in 1 Tand5 T
shown in Fig. 3 for all the films. The curves show metallic magnetic fields is shown in the inset of Fig. 3. The mag-
behaviour at temperatures over 75 K and at lower tempera-netoresistive behaviour is quite similar for all the films
tures a small upturn, indicating semiconductive behaviour, at higher temperatures and MR% decreases with decreas-
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ing temperatureThe decrease is however more rapid for References

S8-film and this corresponds very well to the change of
MR in fields seen in Fig. 4. At higher temperatures above 1.
300 K, a local minimum is observed in all the curves in
the inset of Fig. 3. Most likely this minimum is related to 2.
the ferro-paramagnet transition, since it occurs around the
same temperature where the midpoint of the transition is. 3.
The magnetic properties of the films were very simi-
lar and the largest flerences in the structure between the
films were the strain and the amount of low angle grain
boundaries. Therefore, thefldirences seen in the magneto- 4.
transport properties of films with fierent thicknesses are
most likely related to relaxation of the films and to the pres- 5.
ence of these grain boundaries. The strain is closely related
to the formation of ASD [7], which also increases the zero 6.
field resistivity of the films. The strain was highest in the
thinnest S2-film where also the zero field resistivity was 7.
largest. This gives the impression that the S2-film has more8.
ASD than the thicker films. Eventhough the ASD normally
increases the magnetoresistivity, recent results show that if
the amount of ASD is high enough, which shows as in- 9.
creased zero field resistivity, the MR is reduced [26, 27].

This could possibly explain the larger negative MR ob- 10.

served in thickest S8-film. The changes in the shape of

the curves in Fig. 4 could be related to tunneling type MR 11.

accross the low angle grain boundaries, which would be
enhanced in S8 film due to the observed increase of these

boundaries. Considering the magnetoresistive sensor api2.

plications the large MR féect observed in S8-film is de-
sired, but for spintronic applications the spin polarization

and the magnetic properties are more important. Both S4-13.

and S8-films have quite good and similar magnetic prop-

erties and according to the resistivity measurements higherl4.

spin polarization than the S2-film. This suggests that thick-

ness around 500 nm is promising for magnetoresistive ap-15.

plications, but for spintronic applications the film thickness
around 270 nm is at least as good.

17.

4 Conclusion

18.

In summary, we have investigated the properties of SFMO

thin films with different thicknesses. The structural proper- 19.

ties showed impurity phases and an increase in the amount

of low angle grain boundaries, when the thickness exceeds20.

some limiting value, over 300 nm. The relaxation of the

films increases with increasing thickness and only slight 21.

changes in the unit cell volumes were observed. A slight

decrease iff¢ with increasing thickness was observed. In 22.

thinnest 150 nm film the semiconductive upturnoif¥)-
curve is clearly seen, while in thicker 270 nm and 500 nm

films it is smaller. The negative MR was observed in all 23.

the films and it was largest at 10 K in the thickest film. For

magnetoresistive applications the thickness around 500 nnp4.

seems promising with the highest MRext, but for spin-

tronic applications the thickness around 270 nm seems af25.

least as good with good magnetic properties and high spin

polarization. The observed formation of impurity phases 26.

anyhow limits the usable film thickness to around 300 nm.

The roughness of these films were so large that they carmp7.

not be used in multilayers structures. Therefore, more op-
timization, especially with the medium thickness film, is
needed before fabrication of SFMO multilayer structures
for applications.
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