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Superparamagnetic behavior of ultrathin Fe films
grown on Al ,03(0001) substrates

Yu Shiratsuchi, Masahiko Yamamoto,® and Yasushi Endo
Department of Materials Science and Engineering, Graduate School of Engineering, Osaka University,
2-1 Yamadaoka, Suita, Osaka 565-0871, Japan

Donggqi Li and S. D. Bader
Materials Science Division, Argonne National Laboratory, Argonne, lllinois 60439

(Received 10 June 2003; accepted 30 September)2003

We have studied superparamagnetic behavior of ultrathin Fe films grown on ,&3(8001)
substrate at various growth temperatures. It is demonstrated that 1-nm-thick Fe films are in the
superparamagnetic state, and the blocking temperature is strongly dependent on the growth
temperature. The blocking temperature has a minimum value of 30 K for a growth temperature of
473 K, while it is~70 K at other growth temperatures. In order to clarify the behavior, we consider
the Fe growth mechanism and the magnetic interactions between Fe particles. Fe grows as
three-dimensional islands at all temperatures studied and forms particles. The volume of the
particles is observed via atomic force microscopy to increase with increasing growth temperature.
In the case of growth at 323 and 373 K, Fe forms small particles that are close together and that
interact with each other. For growth at 673 and 773 K, Fe forms relatively large particles and the
magnetic properties are dominated by the individual particles.2003 American Institute of
Physics. [DOI: 10.1063/1.1628408

I. INTRODUCTION perparamagnetic behavior of ultrathin Fe films grown on
Al,0O5(0001) substrates. We will discuss the influence of in-
Recently, the density of magnetic storage media has be&@rparticle interactions on the superparamagnetic behavior.
increasing at the rate of 100% per year. Each element storingyr motivation is to perform fundamental research related to
magnetic information must consist of ultrafine particles inmagnetic storage media.
order to yield high-density magnetic storage media. The ul-
trafine particles might magnetically interact weakly which
would create a low signal-to-noise ratio. Further, as the mag'—" EXPERIMENTAL PROCEDURES
netic elements continue to decrease in size, they approach the The ultrathin Fe films were grown by molecular-beam
superparamagnetic limit. Below a critical size, in the rangeepitaxy (MBE) using a VG-80M MBE system. The base
of 10 nm in diameter, each magnetic particle can be in @ressure before and during growth was typically below 4
single domain state. At low temperatures, the ordered magx 10~ ° and 5< 10" 8 Pa, respectively. The growth rate of Fe
netic moments of these particles are frozen in place along agas 0.005 nm/s. The thickness of Fe was fixed at 1.0 nm. In
easy direction. However, above a certain temperature, knowshis study, the growth temperature was varied as a parameter
as the blocking temperature, thermal fluctuations can ovelin the range of 323—-773 K, since temperature is an important
come the anisotropy barrier, causing the net magnetization gfarameter in MBE growtf° To investigate the magnetic
the system to vanish. Then, the system is said to be supegroperties, the Fe films must be exposed to air. To avoid
paramagnetic. oxidation, a 10-nm-Au capping layer was deposited at room
A number of ideas have been proposed to suppress th@mperature on the Fe films. We confirmed the lack of oxi-
superparamagnetic limit. One is to use material that posdation indirectly from the fact that the magnetization curves
sesses a high magnetic anisotropy in the bulk, such agt 10 K show no shift after cooling in field10 kOe.
L1o-type FePt:? The surface magnetic anisotropy provides a-Al,0,(0001) was used because it has atomically flat
another way to enhance the magnetic anisotropy. The inteterraces>6In a previous paper, we reported that the surface
face between a magnetic material and its oxide can also postructure of a-Al,04(0001) is very sensitive to thermal
sess a high interfacial magnetic anisotrdpy. annealing™® In this study, thea-Al,05(0001) was annealed
Ultrathin magnetic films grown on a metallic substratefor 3 h at 1273 K based on guidelines from our previous
have been investigated extensivily” But those grown on  work. Steps that are 0.216 nm in height and terraces that are
oxide substrates, such as,®; and MgO, had been investi- 65.5 nm in width form in a regular manner on the substrate
gated only in limited cases, such as for Fe on MgG;'but  using such a heat treatment. The detailed substrate prepara-
not in the ultrathin region. In this article, we report the su-tion procedure is described in Ref. 15.
The magnetic properties of the Fe films were investi-
3Author to whom correspondence should be addressed; electronic maigated by means of the magneto-optic Kerr effédOKE)
yamamoto@mat.eng.osaka-u.ac.jp and superconducting quantum interference de{&@UID)
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FIG. 1. Magnetization curves of ultrathin Fe films grown(at 323, (b) 473, and(c) 773 K, measured using MOKE. The measurement was performed in
longitudinal configuration. Dotted and solid lines represent experimental and calculated results, respectively.

magnetometry. The magnetization curves were measured ui the longitudinal configuration are shown in Fig. 1 as dot-
ing MOKE at room temperature in fields up to 4.5 kOe. Theted lines. The growth temperature is 323, 473, and 773 K for
measurements were performed in longitudinal and polar corFigs. 1a)—1(c), respectively. The magnetization does not
figurations. The temperature dependence of the magnetizgaturate even for applied fields of 4.5 kOe and the curves do
tion M(T) was measured using the SQUID magnetometer imot exhibit remanence or coercivity. This behavior is in
the range of 10-300 K in a constant magnetic field. Changeggreement with the fact that the magnetization curve for a
were measured while heating after both field coolif)  superparamagnetic system is represented by the Langevin
and zero-field coolingZFC). If the system is in a superpara- function L(a) = coth@)—1/a, wherea=MH/kgT, M is the
magnetic State, it should exhibit blOCking phenomena in th%aturation magnetization for one Fe partidﬂgjs the mag-
magnetization. The blocking temperature was determined asetic field, kg is the Boltzmann constant, arfdis tempera-
the peak temperature of thé—T curve after ZFC. We also yre, Assuming that the saturation magnetization Ms
measured the magnetic field dependence of the b|0Cki”9tMBu,k[T]-V[m3], whereM g, is 2.16 T, the volume of an
temperature in order to investigate the interaction betweegg particle can be roughly estimated by fitting the magneti-
magnetic particles. The structure of the Fe film was investi-ation curve using the Langevin function with one fitting
gated using noncontact atomic force microscA¥Z-AFM). 4 ametel/. Examples of fitting of magnetization curves are
The investigation of surface structure was performresitu 5155 shown in Fig. 1 as solid lines. The magnetization curves
bgfore Au coating to eliminate the influence of the Au cap-5.a well reproduced by the Langevin function. The magneti-
ping layer. zation for Fe grown at 473 K is more difficult to saturate
than that for Fe grown at the other temperatures. This behav-
Il RESULTS AND DISCUSSION ior is due to the change of magnetic interactions. The other
We found that the 1.0-nm-thick Fe films were superparatype of evidence in support of superparamagnetism concerns
magnetic, based on two types of experimental evidencehe blocking phenomenon of the magnetizatioh=T curves
First, the magnetization curve at room temperature does natfter FC and ZFC in a magnetic field of 0.1 kOe are shown
saturate. The magnetization curves measured using MOKHE Fig. 2. The growth temperature is 323, 473, and 773 K for
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FIG. 2. Magnetization vs temperaturl®!¢T) curves after FGopened circlesand ZFC(closed circlesunder the magnetic field of 0.1 kOe for ultrathin Fe
films grown at(a) 323, (b) 473, and(c) 773 K. Magnetization is normalized by the value measured at 300 K.
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FIG. 5. Changes of the estimated Fe volume as a function of the growth

temperature. Open and closed circles represent the value estimated from
magnetization curve\(yag) and NC-AFM image Vaen), respectively.
Figs. 2a)—2(c), respectively. In the low-temperature region,

the M —T curves after FC and ZFC differ from each other in
that the ZFC curve has a peak. This feature indicates that thie the Fe growth mechanism and the magnetic interactions
systems show blocking phenomenon and are thus in the sbetween Fe particles. First, we describe the Fe growth
perparamagnetic state. We determined the blocking temperaaechanism. Fe grows in Volmer—Weber mode at all growth
ture (Tg) of each Fe film from the peak temperature of thetemperatures studied. NC-AFM images of the Fe films and
M—T curve after ZFC. The peak dfl —-T curves after FC cross-sectional views are shown in Fig. 4. The Fe forms par-
should be due to the difference in cooling and heating rdtes. ticles randomly on the substrate at all temperatures studied,
The difference in the two curves in the temperature regiorand the influence of steps on the substrate to Fe growth can
T>Tg is attributed to the volume dispersion of the Febe negligible. Nevertheless, regarding the Fe particle size
particles!® The volume dispersion leads to a distribution of and discreteness, these two parameters are dependent on the
Tg values. Changes in the blocking temperature and the egrowth temperature. As shown in Figs(@af and 4b), the
timated volume of the Fe particles with growth temperatureheights of the Fe particles are low for a growth temperature
shown in Fig. 3, are observed to have similar dependencesf 323 K. This indicates that small Fe particles coalesce and
on growth temperature. The blocking temperature and théorm quasi-two-dimensional2D) continuous films. On the
volume of the Fe particles have a minimum value of 30 Kother hand, the Fe growth mechanism is obviously of a three-
and 35 nm, respectively, at the growth temperature of 473dimensional3D) mode above 473 K as shown in Figgc)-
K. The above two features; the magnetization curves and thé&(f). Specifically, the Fe grown at 473 K forms almost com-
M—T curves after FC and ZFC, are typical of superparamagpletely discrete particleg-igs. 4c) and 4d)]. The changes
netic systems. with growth temperature of the average Fe particle volume
We now discuss the growth temperature dependence @stimated from the NC-AFM image¥ gy, are shown in
the blocking temperature and Fe particle volume with respedfig. 5. The Fe volumes estimated from the magnetization

Corrugation / nm
N
(=]

0 10 20 30 40 50 60 70 % 10 20 30 40 50 60 70 "% 10 20 30 40 50 60 70

Lateral Displacement / nm

FIG. 4. NC-AFM images and these cross-sectional views of ultrathin Fe films grovay, &#b) 323, (c) and(d) 473, and(e) and(f) 773 K.
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FIG. 6. Magnetization curves of ultrathin Fe films grown(at 323, (b) 473, and(c) 773 K, measured using MOKE. Solid and dotted lines represent the
magnetization curves with the magnetic field perpendicular and parallel to the film plane, respectively.

curve using the Langevin functioNy,xg , are also plotted in  magnetic interactions between the Fe particles in the films
Fig. 5.V gy increases monotonically with increasing growth grown at low temperature, we show two experimental re-
temperature, whil®/yac has a minimum value, as described sults. The first result was the magnetization curves, shown in
in Fig. 3. The difference betweéfry andVys in the low  Fig. 6, which were measured using polar MOKE. At a low
growth temperature region, such as 323 and 373 K, indicategrowth temperature, the magnetization should be in the film
that the interaction between Fe particles is not negligibleplane [Fig. 6@]. This feature supports the picture of
Vuag is strongly influenced by magnetic interactions. At aquasi-2D growth due to coalescence of small Fe particles, or
low growth temperature, the Fe particles are close togethdhe existence of in-plane magnetic interactions between Fe
[Figs. 4a) and 4b)] and the interactions between Fe par- particles. In the case of midrange growth temperatures, the
ticles can be large. The difference \f;,c andV gy for Fe  two magnetization curves are almost identical, as shown in
particles grown at a high temperature is due to the voluméig. 60b). This indicates that the Fe particles are discrete
distribution of Fe particles. Langevin function consideringmagnetically, and the magnetization behaves in the manner
log-normal distribution in Fe volume, in which the median of a random 3D system. The ultrathin Fe film deposited at
and standard deviation of Fe volume are estimated from thd73 K consists of structurally discrete particles, as shown in
NC-AFM images, well reproduce the experimentally ob-Figs. 4c) and 4d). These experimental findings are consis-
tained magnetization curvésot shown. tent. Figure 6c) also shows the difference of the two mag-
Next, we further discuss the interactions between Fe pametization curves for films grown at a high temperature. We
ticles. In superparamagnetic systems that consist of interacbelieve that such a difference is due to the shape of the Fe
ing particles, the blocking temperature is expected to beparticles. As shown in cross-sectional vigfig. 4(f)], the
higher than that for noninteracting systefs?!In our case, heights of Fe particled), are smaller than their own diam-
the blocking temperature has a minimum value at a growtleters,d. This means that Fe particles grown at a high tem-
temperature of 473 K. Considering the monotonic increas@erature have a low aspect ratidd. Thus, the difference of
with the growth temperature of the Fe particle volume, agswo magnetization curves, in which the magnetic field is par-
estimated from the NC-AFM image, this increase in blockingallel and perpendicular to the plane, might be due to the
temperature should be caused by the magnetic interactiorshape anisotropy and not interparticle interaction. The exis-
between Fe particles. In order to confirm the existence ofence of interparticle interactions is further confirmed by the

X
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© e ° | .
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FIG. 7. Changes in blocking temperature as a function of measured magnetic field for ultrathin Fe films gfaws2at(b) 473, and(c) 773 K.
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