.

) <

The University of Osaka
Institutional Knowledge Archive

Magnetic phase transition and anisotropy of
Title ultrathin Fe films grown on inclined Al203(0001)
substrates

Shiratsuchi, Yu; Endo, Yasushi; Yamamoto,
Author (s) Masahiko et al.

, , Journal of Applied Physics. 2004, 95(11), p.
Citation 6897-6899

Version Type|VoR

URL https://hdl.handle. net/11094,/89987

This article may be downloaded for personal use
only. Any other use requires prior permission of
the author and AIP Publishing. This article
appeared in Yu Shiratsuchi, Yasushi Endo, and

rights Masahiko Yamamoto, Dongqi Li and S. D. Bader,
Journal of Applied Physics 95, 6897 (2004) and
may be found at
https://doi.org/10.1063/1. 1667432.

Note

The University of Osaka Institutional Knowledge Archive : OUKA

https://ir. library. osaka-u. ac. jp/

The University of Osaka



Applied Physics

Y
o
®
| -
| -
-
o
ﬂ

AIP
Publishing

Magnetic phase transition and anisotropy
of ultrathin Fe films grown on inclined
Al,05(0001) substrates

Cite as: Journal of Applied Physics 95, 6897 (2004); https://doi.org/10.1063/1.1667432
Published Online: 25 May 2004

Yu Shiratsuchi, Yasushi Endo, Masahiko Yamamoto, et al.

AT\ f
L k]

i J

N\ o

View Online Export Citation

ARTICLES YOU MAY BE INTERESTED IN

Superparamagnetic behavior of ultrathin Fe films grown on Al,05(0001) substrates
Journal of Applied Physics 94, 7675 (2003); https://doi.org/10.1063/1.1628408

Effect of substrate inclination on the magnetic anisotropy of ultrathin Fe films grown on
Al,040001)
Journal of Applied Physics 97, 103106 (2005); https://doi.org/10.1063/1.1850075

Study on measurement technique for magnetization dynamics of thin films
Applied Physics Letters 112, 252403 (2018); https://doi.org/10.1063/1.5032305

Learn More
Journal of

Applied Physics Special Topics Open for Submissions

Journal of Applied Physics 95, 6897 (2004); https://doi.org/10.1063/1.1667432 95, 6897

© 2004 American Institute of Physics.


https://images.scitation.org/redirect.spark?MID=176720&plid=1817972&setID=378286&channelID=0&CID=668197&banID=520703472&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=5e5b24fe487255bebf407dc8b9c33e4ba6873140&location=
https://doi.org/10.1063/1.1667432
https://doi.org/10.1063/1.1667432
https://aip.scitation.org/author/Shiratsuchi%2C+Yu
https://aip.scitation.org/author/Endo%2C+Yasushi
https://aip.scitation.org/author/Yamamoto%2C+Masahiko
https://doi.org/10.1063/1.1667432
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.1667432
https://aip.scitation.org/doi/10.1063/1.1628408
https://doi.org/10.1063/1.1628408
https://aip.scitation.org/doi/10.1063/1.1850075
https://aip.scitation.org/doi/10.1063/1.1850075
https://doi.org/10.1063/1.1850075
https://aip.scitation.org/doi/10.1063/1.5032305
https://doi.org/10.1063/1.5032305

HTML AESTRACT * LINKEES

JOURNAL OF APPLIED PHYSICS VOLUME 95, NUMBER 11 1 JUNE 2004

Magnetic phase transition and anisotropy of ultrathin Fe films grown
on inclined Al ,05(0001) substrates

Yu Shiratsuchi, Yasushi Endo, and Masahiko Yamamoto®
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

(Presented on 7 January 2004

We investigated the magnetic properties of ultrathin Fe films grown on incling®;40001)
substrates at various growth temperatures. We report the evolution of the magnetism with Fe
thicknesd ., growth temperature, and the effect of the inclination of the substrate orientation on the
magnetic anisotropy. The films are superparamagnetig=6 monolayer, ML, ferromagnetic
(tee>15 ML), or coexistentize~10 ML). The effect of inclination of the substrate is small in the
superparamagnetic region and substantial in the ferromagnetic region. Fe thin films grown on the
inclined substrate have a uniaxial magnetic anisotropy with the magnetic easy axis parallel to the
step edge. This uniaxial magnetic anisotropy might be derived from the effective demagnetizing
field due to the magnetic charge distribution at the corrugated surface. The strength of the uniaxial
magnetic anisotropy decreases as the growth temperature increases. The dependence of the uniaxial
magnetic anisotropy on growth temperature is caused by the change of growth mechanism, from
smooth to rough with an increasing of growth temperature2@4 American Institute of Physics.
[DOI: 10.1063/1.1667432

Superparamagnetism has attracted much attention fromsing noncontact atomic force microsco@yC-AFM) and
fundamental and technological points of view. From the fun-reflection high energy electron diffractiofRHEED). The
damental viewpoint, the superparamagnetic behavior of ulmagnetic properties were investigated situby means of
trathin magnetic films is not understood because factors sudhe magneto-optic Kerr effeddMOKE), vibrating sample
as the interparticle interactions and the size distribution commagnetometryVSM), and superconducting quantum inter-
plicate the situation> From the technological viewpoint, ference devicéSQUID) magnetometry. To avoid oxidation,
strong efforts have been devoted to the study on superpara-10-nm Au capping layer was deposited at room tempera-
magnetism in order to utilize magnetic nanostructures ature. We confirmed the lack of oxidation even for 5 ML Fe
high density storage media. As the density of magnetic storthin films indirectly from the fact that the magnetization
age media increases, the magnetic elements enter the nanotwves at 10 K showed no bias after cooling in a magnetic
eter region and approach the superparamagnetic limit. Whil&éeld (10 kOg. Two types ofa-Al,05(0001) substrates were
a number of ideas to suppress the superparamagnetic limitsed. One is nominally flat having 0.216 nm height steps and
have been proposed, the main one is to enhance the magneti29.5 nm width terraces on the average as reported
anisotropy energy, for example, via materials possessingl’eViOUSW'.5 The other is the inilined substrate with an angle
high magnetocrystalline anisotropyr to induce additional of 4 degrees inclined in th€1120) direction. Such inclined
magnetic anisotrop¥.In this study, we investigate the mag- substrates have straight steps. On the inclined substrate, sev-
netic state of ultrathin Fe films grown on inclined eral bunched steps with an average height of 6.06 nm and
Al,03(0001) substrates, the influence of growth temperatureéerraces with an average width of 65.5 nm are formed by
on the magnetic state, and the effect of the inclination on thauitable thermal treatmenit.
magnetic state. We also demonstrate the use of the inclined The magnetism of ultrathin Fe films evolves from super-
substrate as a way to induce additional magnetic anisotropparamagnetic to ferromagnetic with increasing Fe thickness.

Ultrathin Fe films were prepared by molecular beam ep5-ML Fe films on the flat substrate are in the superparamag-
itaxy (MBE) using a VG-80M MBE system. The pressure netic, with behavior dependent on growth temperafifae
before and during the deposition was typically below 4growth dependence of the blocking temperatufg)(and
x 1079 and 5<10 8 Pa, respectively. The nominal thick- volume of Fe particles\(r) estimated from atomic force
ness of Fe was varied from 5 to 25 monolay@is ) and the  microscopy(AFM) images are shown in Fig. Tg is defined
growth temperature was varied in the range 323-773 K. Thas the peak temperature of th&-T curve after zero field
surface structure of the Fe thin films was investigatesitu  cooling. While Vg, monotonically increases with growth
temperatureT g has a minimum at the growth temperature of
dAuthor to whom correspondence should be addressed; electronic maift /3 K. The enhancement @ at low growth temperature is
yamamoto@mat.eng.osaka-u.ac.jp attributed to interarticle interactions. The growth temperature
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FIG. 1. Changes of the blocking temperature and estimated Fe volume with

growth temperature for 5-ML Fe films. The blocking temperatures are deFIG. 3. Growth temperature dependence of remanence ratio for 10-ML Fe

termined from the peak temperature of the M-T curve after ZFC. The Fdilms. The remanence ratio is determined from the magnetization curve mea-

volume is estimated from AFM images. sured at RT. The applied magnetic field is parallel (tbl00) of the
Al,05(0001) which is parallel to the step direction in case of the inclined
substrate. The ope®) and closed®) symbols represent the values for Fe
thin films grown on the inclined and flat substrate, respectively.

dependence of g with increasing growth temperature is at-
tributed to the emergence of the nonlinear dependence of the
magnetization with the magnetic field as the dominant factorind @ peak as shown in Fig(ld. These features show that
The 10-ML Fe film exhibits coexistence of superpara-10-ML Fe films are not in the pure SP or FM state but a
magnetism(SP and ferromagnetisrtEM). In the following, ~ Coexistent state of the two.
we describe this state using two types of experimental re- Here we consider the ratio of the two magnetic states.
sults, i.e., the magnetiza’[ion curves at room temper&Rj‘f& Although quantitative determination of the ratio is difficult,
[Fig. 2@@)] and the change of magnetization with temperaturéVe can consider the remanence ratio of the magnetization
at a magnetic field of 100 OfFig. 2(b)]. As shown in Fig. curve measured at RT as yielding the ratio of the two states,
2(a), while the magnetization curve is hard to saturate andince the SP components do not show remanence at RT. Fig-
indicates the existence of SP, the remanent magnetizatiofi€ 3 shows the growth temperature dependence of the re-
and the coercivity are not zero, indicating the presence oftanence ratio at RT. While the FM component is maximum
FM. Furthermore, the change of magnetization with tempera@t @ growth temperature of 473 K for the Fe films grown on
ture after field cooling(FC) and zero field coolingZFC) the flat substrate, it decreases monotonically with increasing

differ in the low temperature region with the ZFC curve hav-9growth temperature for Fe on the inclined substrate. This
difference might be due to the change of growth mechanism

of Fe on the flat and inclined substrates.

Another effect of substrate inclination appears in the
N magnetic anisotropy of the ferromagnetic components of
10-ML Fe films. The magnetic easy axis is influenced by the
large steps on the inclined substrate. Fe thin films grown on
the flat substrate have no preferred direction of magnetiza-
tion in the film plane, because the three equivalent epitaxial
as Fe(110) orientations form on the AD;(0001) substrate and
no uniaxial magnetic anisotropy can exist if a film has in-
-0 planen-fold symmetry withn>28 The epitaxial relationship

1000 <300 o 500 D00 and three variants of F&10) were previously confirmed by
Magnetic Field / Oe RHEED pattern, and three kinds of ellipsoidal(EE)) is-
lands due to such epitaxial growth were observed by AFM.

Fe thin films grown on the inclined substrate however do
[ () have uniaxial magnetic anisotropy parallel to the steps. Al-

_MWM”M:::n""h.h“. though various origins of uniaxial magnetic anisotropy have
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FIG. 4. Schematic representation of a continuous film on the inclined sub-
FIG. 2. (a) Magnetization curves anth) changes of magnetization with strate and the magnetic charge distribution at the corrugated surface when
temperature for 10-ML Fe films on flat 4D;(0001) substrate. the magnetization is saturated perpendicular to the step.
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o] @ magnetic anisotropy should d_eqrease with i_ncrgasing growth
o temperature. Also, the coercivity of Fe thin films have a
T oos|t-a— maximum around the growth temperature of 573 K, implying
= that the Fe should form larger particles at higher growth
§ o Q‘_ﬂ_‘_,-'-""ﬁ"\—-._\_\_\_ temperature. These features show that the Fe films should
[T ﬁ become rough with increasing growth temperature.
E In summary, we have investigated the evolution of the
m oz 4 H/#Step magnetic state with Fe thickness for ultrathin Fe films, and
= o & & H L Step the induced magnetic anisotropy due to the inclination of the
300 w0 0 sw 1@ 800 substrate. Magnetism evolves from superparamagnetic to fer-
Growth Temperature £ K romagnetic via a coexistence of the two states. In the transi-
) tion region, the ratio of ferromagnetic and superparamag-
=0 () netic components is dependent on the growth temperature
o o and is also influenced by the inclination of the substrate. This
= ——’: is attributed to a change of growth mechanism caused by the
E 150 /H,# § large steps on the inclined substrate. The inclination of sub-
j% . \\ﬂ strate influences the in-plane magnetic anisotropy and in-
E ia / / duces the uniaxial magnetic anisotropy.
O 50 '/ﬂ ®H/MStep This work is partially supported by a Grant-in-Aid for
g 0OH L Step General Scientific Researd$) and Exploratory Research
SR e =R B G B from the Japanese Ministry of Education, Culture, Sports,

Science and Technology. Work at Argonne was supported by
the U.S. Department of Energy, Basic Energy Sciences-

FIG. 5. Growth temperature dependence of @eremanence ratio and) Materials Sciences, under Contract No. W-31-109-ENG-38.
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