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Enhancement of the magnetization saturation in magnetite (100) epitaxial
films by thermo-chemical treatment
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The effect of thermo-chemical treatment on the ease of saturation in a magnetic field of epitaxial
magnetite(100) thin films grown on MgO(100) substrates was investigated. It was found that the
films maintained a fully strained state with the MgO substrate during the treatment in air. No other
iron oxide phase apart from the magnetite was observed in the treated film. Yet, remarkably the
treated films showed a higher magnetization compared to that of original ones. A model involving
a change in antiferromagnetic coupling at the antiphase boundaries during the treatment is
proposed. ©2004 American Institute of Physic§DOI: 10.1063/1.1687632

I. INTRODUCTION A BEDE D1 diffractometer was employed to carry out

the high resolution x-ray diffractiofHRXRD) measure-

ments. The diffractometer was equipped with a channel cut
i crystal monochromator. It was further equipped with a
TK 450 Anton Paar chamber. This facility allowed the

Epitaxial films of spinels are of scientific and technologi-
cal importance. Magnetite (F®,) is a half-metallic ferro-
magnet spinel material and as a result it currently attracts

lot of interest from the spin electronics community. Much samples to be annealén situ without removing them from
emphasis has been placed on the growth gfCgesingle- A
P P g g the HRXRD setup. Samples were annealed in air at 250 °C.

crystalline films by various deposition methods using MgO, . .
Si, Al,O;, and MgALO, as a substrate. It was reported that_The detailed annealing and HRXRD measurement procedure

antiphase boundarie6APBS) exist in epitaxial magnetite is describ_ed in Ref. 6. The position of the diffraction peaks
films.13 In the case of the growth of magnetite on the mostand a reciprocal space méaSM) were employed to evalu-
common substrate, MgO, the APBs arise from the fact thaffatte the strain status of the epitaxial films during the treat-
the lattice constant of magnetite is twice that of the substrat@ent' Raman SpectroscopiyS) measuremeqts were carried

out before and after the treatment to clarify the treatment

resulting in half-lattice period shifts between some of the. duced bh th it ‘ The f b
nucleation islands. Antiferromagnetic exchange through thd'duced phase on he magnetite suriace. € four-probe

APBs makes saturating this soft magnetic material,[nem.OdlWas err;ployed '?. the re5|sttance measuretm ents. Hys-
difficult.*S As a result the potential for applications of mag- ‘o' c>> '00P and magnetic moment measurements were car-

netite films in spin electronic devices is hampered. ried out using a MicroMag 3900 alternatmg gradient f(_)rce
magnetometer at room temperature. To avoid the error intro-

This study addresses the following question: is it pos- o . :
sible to treat magnetite so that it can then be more easil uced bY the d|_str|but|on_ B fllm_thlckness_ and volume
mong different film specimens, single specimen was em-

saturated by an external field?58g (100 thin films grown loved f i ¢ bef d after the treat
on MgO (100 substrates using oxygen-plasma-assisted moPoy€d for magnetic measurement betore and after the treat-

lecular beam epitaxy were used for this study. The effect Ofnent.
the thermo-chemical treatment process on the ease of satura-
tion in a magnetic field was investigated. Ill. RESULTS AND DISCUSSION

The RHEED results suggest that the magnetite films
were grown epitaxially as confirmed by the observed oscil-

Epitaxial magnetite thin films with a thickness of 100 lations of pattern intensity. A resistivity jump was observed
nm were grown on MgO single-crystal substrates cut along@round 115 K indicating that the films were substantially
the (100 direction within =0.1° by oxygen-plasma-assisted stoichiometric. The somewhat lower observed Verwey tran-
molecular beam epitaxy. The base pressure in the growtkition temperature of films compared to values for single
chamber was lower than>510"%° Torr. Each MgO sub- crystals(120 K) is in agreement with previous reports on
strate was annealed at 600 °C for 30 min in a plasma oxygemagnetite films. RS measurements which were carried out
environment prior to deposition. The magnetite layer wason original and treated films suggest that there are no traces
deposited by means ad-gun evaporation from Fe pellets of other iron oxide phases apart from magnetite in the origi-
with a purity of 99.995% in a plasma oxygen environment ofnal films as well as films annealed at 250 °C for up to 160
1x10 ° Torr with a substrate temperature of 250°C. min. The out-of-plane and in-plane lattice parameters of the
Growth mode and crystalline quality of the films were moni- original film as calculated from the HRXRD results were
tored in situ by reflection high-energy electron diffraction 8.3604 and 8.4268 A, respectively. The in-plane lattice pa-
(RHEED). Film thickness was controlled by quartz-crystal rameter of the film is twice that of the MgO substrate imply-
thickness monitors calibrated using x-ray reflectivity. ing that the film is fully strained on the MgO substrate. The

Il. EXPERIMENTAL DETAILS
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FIG. 1. Rocking curve of the magnetite film of symmet©0) diffraction FIG. 3. Resistances of original and treated magnetite films vs temperature
before and after treatment. normalized to their respective resistance values at 150 K.

(400) symmetric rocking curves of the original and treatedstoichiometr§ can still be observed in films subjected to 4
films are shown in Fig. 1. The diffraction peak does shift tomin annealing suggesting that their stoichiometry remained
the higher angle side with annealing in air. To establish if theclose to that of ideal F©,. One can therefore arrive at the
shift is due to the relaxation of the film strain or a change inconclusion: annealing in air at 250°C for 4 min does not
the volume of the unit cell, we have performed RSM mea-significantly change the stoichiometry of the film. The mag-
surements near the asymmetric peaks. RSM near the asyrgtization and coercivity dependencies on applied field for
metric (226) reflection of the original and treated films were the original and treated films are shown in Figa}4 The
obtained by carrying out several-20 scans for different dependency of magnetic moment on an external magnetic
values ofw. A contour plot of the intensity as a function of field of strength 1 T 1) and coercivity of the magnetite
the in-plane and the out-of-plane reciprocal wave vedtgrs film on annealing time are shown in Fig(b}. Very short
andk, for a film annealed for 160 min is shown in Fig.R. ~ annealing significantly decreases the coercivity. What is
of the magnetite film is equal to that of the MgO substratemore remarkable is that the film after a short annealing in air
which indicates that the in-plane lattice parameter of the subbecomes much easier to saturate,r manifests itself as a
strate and film are equal. Our results suggest that the filmgubstantial increase in the value of saturation magnetization
remain in a fully strained state after the treatment. TherefordVls caused by short treatment. Before discussing the possible
the observed400) peak shift after a long annealing time Physical mechanisms responsible for the observed results,
results from decrease of lattice parameter perpendicular t¢e must first consider the effect of a change in the oxygen
the surface and a subsequent decrease in the volume of tRtichiometry of the films induced by the treatment on their
unit cell. The change in the stoichiometry of the treated filmsmagnetic properties. It is known that a significant change in
was also evaluated frorR-T curves(see Fig. 3 Verwey X in Fe;_xO, from 0.015 to O leads to a change g of

transitions that are suppressed even by small deviations fro@nly 1%? As established from HRXRD, RS, and resistivity
measurements, the change in the film’s stoichiometry caused

by annealing in air was marginal. Such a small change can-
not explain a massive 14% increase observed in the value of
Mit. It is expected that th#l ¢ of films will decrease upon
oxidation from ideal stoichiometry state. Furthermdvk, of

the films is expected to change incrementally with increasing
anneal time. However, the dependencyMf; on the anneal
time does not favor such an assumption of a gradual stoichi-
ometry change. We observed that the greatest increase in the
value of Mt is caused by initial short annealing.

Our explanation for the significant increase in the mag-
netization is based on the exchange interaction at the an-
tiphase boundaries. It is clear from the body of the publica-
tions on the magnetization of magnetite epitaxial films, the
reduced magnetization results from antiferromagnetic and
frustrated exchange interaction across APBs. It is rather dif-
ficult to come up with a more specific model as there are
FIG. 2. Reciprocal space map near asymme®R5) glancing exit diffrac-  Many contributions to the exchange interaction. For example,
tion of a magnetite film annealed in air at 250 °C for 160 min. Margulies et al. suggested that at APBs antiferromagnetic

7215
7205
7195
7185
7175
7165
7155
7145 /. ,:”

k, (um™)

735 .-
7125
7115
705+

7005 4.7

=T | — T LE— T 1
3360 3357 3354 3351 3348

k, (rm™

— T T
3366 3363

Downloaded 05 Jul 2010 to 134.226.1.229. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



J. Appl. Phys., Vol. 95, No. 11, Part 2, 1 June 2004 Zhou, Jin, and Shvets 7359

600 boundary can modify the exchange interaction but also the
(a) Annealed 4 min rearrangement of atoms within the boundary. The reason is
400 | that superexchange for 180° and 90° chains of Fe-O-Fe ions

Original can differ. What is also intuitively clear is that the stoichi-

ometry of the APBs is more likely to change rather than that
of the film area remote from it. Indeed, APBs are a meta-
stable defect as opposed to a stable crystal structure. Our
results therefore suggest that the increase in the value of the
magnetization comes from the decay of the antiferromag-
netic and frustrated exchange interaction that takes place
through localized thermo-chemical reaction at the APBs or in
their vicinity.
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IV. CONCLUSION

The effect of low temperature annealing in air on the

450 magnetization and coercivity of epitaxial & (100 thin
2001 -A\ (b) 1 films was investigated. The as-grown films are fully strained
i S A 440 on the MgO(100) substrate and remain in a fully strained
M A . Lo
< 180} " P state following the treatment. The treated film is significantly
o ] E, easier to saturate compared with the as-grown one. The mag-
.g‘ 160 |- Ja20 E netic moment increases remarkably following a short anneal-
S 3’7_ ing in air of just 4 min, which does not greatly affect the
§ 140l 410 5~ film’s composition. A model involving a change in the anti-
1 ferromagnetic and frustrated exchange coupling at the APBs
120 L He 14%° associated with the treatment is proposed.
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