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In-plane magnetization of an ultrathin film of Fe;0,(111) grown epitaxially on Pt(111)
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The magnetic properties of an eight-monolayeg@€111) film grown epitaxially on F111) have been
studied by the magneto-optic Kerr effe@lOKE) and conversion electron Msbauer spectroscopy. The
MOKE results indicate that a saturation of the magnetization is achieved with a field of about 500 Oe. In zero
field the magnetization remains saturated. Apart from a paramagnetic contribution of 11%, which is interpreted
as originating from the interface layer, the S&auer spectrum is identical to that of bulk@g Furthermore,
the data indicate that all the magnetic moments are in the plane of thd $0h63-18208)50642-X]

Understanding of ultrathin ferromagnetic structures has A film of >Fe,0, was grown on a clean and ordered
increased rapidly in recent years. Interest in these systeni(111) surface. The substrate was cleaned by cycles of 1
derives from the unique fundamental properties, for instancéeV Ar* sputtering and annealing in oxygen at a pressure of
two-dimensional magnetism, as well as the potential for new2x 10~ ® mbar and a temperature of 840 K with subsequent
applications, particularly in information storage devices. Theannealing in UHV at 870 K. A clean and ordereck 1 Pt
majority of research has focused on the properties of ferrosurface was evidenced by low-energy electron diffraction
magnetic metal overlayers on nonmagnetic substrates. Mof@ EED) and Auger electron spectroscofES) measure-
recently, however, thin iron oxide films have emerged asnents. The iron evaporation rate was calibrated by means of
promising candidates for high-density magnetic recording~e/Pt AES peak ratios obtained after evaporating at room
media due to their superior chemical and magnetic stabilitiesemperature without oxidizing. Iron oxide films were grown

The scientific and technological importance of spinel ironby first depositing a monolay€ML ) of high-purity *Fe and
oxides has motivated numerous investigations of their structhen oxidizing at a pressure of<110™ ¢ mbar and a tempera-
tural and magnetic propertiés'® Epitaxial FgO, films have  ture of 840 K. It was found that higher oxidation tempera-
been grown on various substrates including M&@),'®  tures resulted in island growth after the first 1-2 layers, con-
MgO(110,%7  @-Al,05(0001)/° 1 MgAl,0,,>" and sistent with earlier report$ This Fe deposition/840 K
SrTi0,.° Unfortunately, most of these films have exhibited oxidation procedure was repeated a further seven times to
anomalous or undesired magnetic properties. The anomalodierm a continuous film. We will in the following refer to the
behavior includes unsaturated magnetization at applied field®sulting overlayer as an 8-ML oxide film by analogy with
as large as 70 kO@Ref. 7) as well as out-of-plane magnetic earlier studies®®> At this thickness, a sharp hexagonal
moments. These properties have been associated with strucEED pattern was observed which had &2 periodicity
tural defect$. Recently, it has been reported that well or- with respect to the substrate. An example is reproduced in
dered ultrathin epitaxial R®,(111) films can be grown on Fig. 1. This, along with AES peak ratios, is consistent with
Pt(1112).14""In this paper we focus on measurements of thethe formation of an epitaxial film of E®,(111) " The
magnetic properties of such a film using the magneto-optisample could be magnetized by passing a current through
Kerr effect (MOKE) and conversion electron Mebauer situ magnetizing coils. The magnetic field generated by the

spectroscopyCEMS). coil was calculated, as well as measured using a Hall probe,
The well-known phenomenon of rapid electron hoppingboth methods yielding the same result.
in Fe;0,, which creates “F&°"” ions above the Verwey The MOKE measurements were performed_in the longi-

transition temperature of about 120 K, controls the intrinsictudinal mode with the magnetic field along tfE10] direc-
electrical properties. The magnetic properties, on the othefion in situ at room temperature by ramping the current
hand, are known to depend critically on the structural ordethrough the coils while monitoring the rotation of linearly
as well as the stoichiometry. For an ultrathin film it should polarized light admitted through a vacuum window, reflected
be possible to control these parameters as well as obtainiraj the °’Fe;0, film, and analyzed through another window.
reduced dimensionality. This allows for the development ofThe incident light was modulated by means of a linear po-
films with unique properties, which may potentially be tai- larizer and a photo-elastic modulator. The reflected light was
lored to specific applications. Here we present evidence of then analyzed by means of a linear polarizer, a photodiode,
complete in-plane ferrimagnetic alignment of magnetic mo-and lock-in techniques. MOKE measurements were also per-
ments in a metal oxide ultrathin film. formed following the CEMS measurements to confirm that
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FIG. 2. MOKE hysteresis loop recorded in the longitudinal ge-

ometry at 293 K from an 8-ML epitaxial film of F©,(111) on
P{(111).

FIG. 1. LEED pattern of the 8-ML R©,(111) film taken at 91 ) . )
eV. The horizontal direction is parallel fd10]. where a maximunR value (2o in Ref. 7) of 3.2 is reported
and hence the spins are partly out of plane. Moreover, the
. . . relative occupancy of thA andB sites is (0.75:0.10):1 in
tcr;ig:%r;etﬂz rgéﬁgaﬂifsﬁehsgnqst been altered during théaur ultrathin film whereas it is 1:2 in the thicker films formed
- in Ref. 7 and in bulk Fg0,.1®% The discrepancy can be
The CEMS measurements of the film were performasd 94 pancy

. ; : . explained by the fact that th& and B sites are situated in
situ without capping the surface. Tests were carried out toseparate layers along theL11] direction of the FgO,

investigate - any effect of atmospheric _contamination, ;- 15 gacayse of the limited number of Fe layers in the

Changes to neither the structure and cleanliness nor the m i e . . ;
: ; . rathin film it i ibl have a larger fraction kit
netic hysteresis loops could be detected with LEED, AES, ‘?ataﬁtin the imEinSitEOIthi?:: to have a larger fractionites

MOKIE after exposurg c:jftrlezfg;n ‘t<0 .atmospheret. ThehCEl\/tlﬁ The nonmagnetic singlet componéis not seen in bulk
spectrum was recorded a In a geometry where 6;0,, suggesting that it may arise from Fe atoms at the

sgtrrr:.ple suHrf?ée nfcleraI was E)_aralllel to ﬂ:e gf:ll_rr?_ma ray bearlgegO4IPt interface. The value of isomer shift for this com-
within a He by ow: proportiona CO%L s conven- ponent agrees with the value of 0.355 mm/s observed for Fe
tional spectrometer incorporated a 30 0 in Rh source in a Pt matrix®! The 11% relative area of this component is

and a double ramp vibration wave form so that the folded,,qigtent with a structure where the first iron layer is para-
spectrum appeargd on a flat b_ackground. The Specm.)metﬁ{agnetic at room temperature. While we cannot exclude
wa}s calibrated tu?jmgl at.2ﬁrtn f'c:nI OI 'ngg End isomer shift other origins of the paramagnetic singlet, such as segregation
Vaxe:/lgrliguho et re1a “{e 0 feti 8 ML‘ o, fil of Fe into the Pt substrate or dissolved Fe in thgdzdilm,

dedin si _ysherei\ss .O%P OI e 8-ML K r‘]‘ M T€ " our observations are in line with earlier studies which con-
cordedin situin the longitudinal geometry is shown in Fig. ¢ygeq that the first monolayer of iron oxide grown on
2. It can be seen that the magnetization is more or less SatE’t(lll) has the FeO stoichiometi}::® Since the Nel tem-

rated at an applied field of about 500 Oe. The application o . ; —
short magnetizing pulses of about 1500 Oe did not increas erature of the bulk antiferromagnet FeO is 198 K, we inter

the magnetization over that observed at 500 Oe. At zero
applied field the magnetization remains saturated. The coer-
cive field is about 200 Oe. 1.5+
The CEMS spectrum is shown in Fig. 3. It is seen to be
well fitted by three magnetic sextet components and a non-
magnetic singlet. The hyperfine parameters of the fitted com-<
ponents are listed in Table I. The magnetic components ex-z
hibit hyperfine fields and isomer shifts which are within the EO'S’
range of values reported for bulk Jf& at room
temperaturé®?° By reference to the interpretation of bulk = 00 “sriee 4 ‘ s
Fe,0, datal®?° componentA in Fig. 3 and Table |, is iden- 10 8 6 4 2 0 2 4 6 § 10 12
tified with F€* ions in the tetrahedral sites a®| andB, Velocity (mm/s)
with inequivalent F&°" ions"%?° on octahedral sites. The  FiG. 3. Missbauer spectrum recorded at 293 K from 8-ML
values ofR=4 (intensity of lines 2 and J(intensity of lines  Fe,0,(111) on Pt111). The spectrum is fitted with three magnetic
3 and 4 for each magnetic sextet component define the spilextet components and one nonmagnetic singlet. yragis zero
direction as completely in plane. These findings are in conrefers to the fitted background level. Hyperfine parameters of the
trast with the results from R®, films grown on MgQ’ fitted components are listed in Table | and are discussed in the text.
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TABLE I. Hyperfine parameters of the fitted components for thestbauer spectrum shown in Fig. 2.
Errors shown in brackets relate to the least significant digit of the value. The significance of the values is
discussed in the text.

Isomer Quadropole Hyperfine
Component shifts (mm/9 shifts (mm/9 Linewidth (mm/9 field (kG) R Area (%)
A 0.28(1) —0.03 (1) 0.38(2) 480(1) 4.0 38(2)
B, 0.66(2) 0.01 (1) 0.38(2) 455 (2) 4.0 35(2)
B, 0.66(2) 0.01 (1) 0.38(1) 438(2) 4.0 16(2)
C 0.34(2) - 0.31(2) - - 11 (1)

pret our observations of a paramagnetic singlet at room teninterpret this as originating from an FeO interface layer be-
perature as due to a paramagnetic FeO interface layer witfiveen the film and the substrate. Saturation of the magneti-
subsequent layers behaving as bulk@g zation of the FgO, film was, as detected by MOKE,

In summary, we have produced a well ordered ultrathinachieved with a field of about 500 Oe. The magnetization
film of Fe;0, which exhibits the first evidence of a sponta- remained saturated in remanence. This work suggests that
neous and complete in-plane ferrimagnetic alignment ofjitrathin iron oxide films with identical magnetic properties
magnetic moments in a metal oxide ultrathin film. In addi-to pulk samples without defects can be produced. Such films

tion, the magnitude of the magnetic moments agree Withnight find applications in high-density magnetic recording.
those observed in bulk 8, " as evidenced by CEMS

spectra. Furthermore, we have detected a paramagnetic con- This work was funded by the EPSR@K). V.N.P. is
tribution of 11% to the intensity in the CEMS spectra. We grateful to the Royal Society for the award of a travel grant.

*Permanent address: St. Petersburg Technical University, Divisiok°T. Fujii, M. Takano, R. Katano, Y. Bando, and Y. Isozumi, J.
of Experimental Physics, Polytechnicheskaja Str. 29, St. Peters- Appl. Phys.68, 1735(1990.
burg 195251, Russia. 11c. A. Kleint, H. C. Semmelhack, M. Lorenz, and M. K. Krause, J.
1E. Lochner, K. A. Shaw, R. C. DiBari, W. Portwine, P. Stoyonov,  Magn. Magn. Mater140-144, 725(1995.
S. D. Berry, and D. M. Lind, IEEE Trans. Magi30, 4912 12y K. Kim and M. Oliveria, J. Appl. Phys75, 431(1994.

(1994. Bp_ 3. van der Zaag, W. F. J. Fontijn, P. Gaspard, R. M. Wolf, V.
23. M. Gaines, J. T. Kohlhepp, P. J. H. Bloemen, R. M. Wolf, A.  A. M. Brabers, R. J. M. van de Veerdonk, and P. A. A. van der

Reinders, and R. M. Jungblut, J. Magn. Magn. Maid5, 439 Heijden, J. Appl. Phys79, 5936(1996.

(1997). W, Weiss, A. Barbieri, M. A. Van Hove, and G. A. Somorjai,

3p. A. A. van der Heijden, P. J. H. Bloemen, J. M. Gaines, J. T. W. Phys. Rev. Lett71, 1848(1993.
M. van Eemeren, R. M. Wolf, P. J. van der Zaag, and W. J. M.5A. Barbieri, W. Weiss, M. A. Van Hove, and G. A. Somorjai,
de Jonge, J. Magn. Magn. Matdi59, L293 (1996. Surf. Sci.302, 259(1994.

4D. T. Margulies, F. T. Parker, M. L. Rudee, F. E. Spada, J. N.1®H. C. Galloway, J. J. Benitez, and M. Salmeron, Surf. 868
Chapman, P. R. Aitchison, and A. E. Berkowitz, Phys. Rev. 127(1993.

Lett. 79, 5162(1997. 17y, J. Kim, C. Westphal, R. X. Ynzunza, H. C. Galloway, M.
SW. F. J. Fontijn, R. M. Wolf, R. Metselaar, and P. J. van der  Salmeron, M. A. Van Hove, and C. S. Fadley, Phys. Re%5B
Zaag, Thin Solid Film$92 270 (1997). R13 448(1997).
D. T. Margulies, F. T. Parker, and A. E. Berkowitz, J. Appl. Phys. 8L. Haggstran, H. Annersten, T. Ericsson, R. pfaling, W.
75, 6097 (1994. Karner, and S. Bjarman, Hyperfine Intera6t.201 (1978.
D.T. Margulies, F. T. Parker, F. E. Spada, R. S. Goldman, J. Li.'°E. De Grave, R. M. Persoons, R. E. Vandenberghe, and P. M. A.
R. Sinclair, and A. E. Berkowitz, Phys. Rev.33, 9175(1996. de Bakker, Phys. Rev. B17, 5881 (1993, and references
8F. C. Voogt, T. T. M. Palstra, L. Niesen, O. C. Rogojanu, M. A. therein.
James, and T. Hibma, Phys. Rev5B, R8107(1998. 203, M. Qaim, Proc. Phys. Soc. Lond@, 1065 (1967).

9T. Fujii, M. Takano, R. Katano, Y. Isozumi, and Y. Bando, J. 2’M. Ritter, W. Ranke, and W. Weiss, Phys. Rev.58, 7240
Magn. Magn. Mater130, 267 (1994). (1998.



