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Magneto-optical effects from nanophase a-Fe and Fe3O4 precipitates
formed in yttrium-stabilized ZrO 2 by ion implantation and annealing

S. Honda, F. A. Modine, A. Meldrum, J. D. Budai, T. E. Haynes, and L. A. Boatnera)

Solid State Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831

~Received 22 February 2000; accepted for publication 6 June 2000!

Magneto-optically active nanocomposite structures have been created by using ion implantation and
thermal processing to form precipitated layers of ferromagnetica-Fe or ferrimagnetic Fe3O4 that are
embedded in the near-surface region of~100!-oriented yttrium stabilized ZrO2 ~YSZ!. When
Fe-implanted YSZ is annealed at 1100 °C in Ar14%H2, the redox conditions are sufficiently
reducing so that metallic Fe is the stable phase. At lower temperatures the annealing conditions
become less reducing and Fe3O4 becomes the stable phase. Transmission electron microscopy and
x-ray diffraction studies established that eacha-Fe or Fe3O4 particle is a single crystal that is
crystallographically aligned with respect to the YSZ host. Magneto-optical effects due to both the
a-Fe and Fe3O4 nanophase precipitates were found and characterized using magnetic circular
dichroism. These magneto-optical effects have potential applications in integrated-optical devices.
© 2000 American Institute of Physics.@S0003-6951~00!02031-3#
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Recent work has shown that ion implantation and th
mal processing techniques can be used to form embed
nanophase precipitates whose properties change signific
either at a phase transition or when subjected to an exte
perturbation.1–3 These property changes can result in the f
mation of either ‘‘smart’’ or ‘‘active’’ nanocomposites in th
near-surface region of host materials that would otherwise
inactive.3 ~Here, a smart surface combines both sensing
actuating functions while an active surface has proper
that respond to a deliberately applied external perturbati!
In the present work, the concept of creating active or sm
near-surface nanocomposites on inactive materials is
tended to encompass the formation of surfaces contai
dispersed but crystallographically oriented and face
single-crystal magnetic nanophase precipitates. These m
netic nanocomposite surfaces were found to exhibit an
usual type of magneto-optical activity arising from the inte
action of light with the dispersed precipitates resulting in
creation of an optically active layer on the surface of t
otherwise inactive cubic zirconia host.

Ion implantation and annealing were used to fo
nanophase magnetic precipitates of either metallica-Fe or
Fe3O4 ~magnetite! that are embedded in the surface of
yttrium-stabilized, cubic ZrO2 ~YSZ! host. The Fe1 ions
were implanted into a Syton-polished,~100!-oriented surface
of Y0.15Zr0.85O1.93 using an implant energy of 140 keV,
dose of 8.031016 Fe1 ions/cm2, and a sample temperatur
of ;77 K. Calculations carried out using theTRIM code4

predict that the peak of the Fe-implant profile is at a depth
;45 nm below the surface. Following the implantation
Fe1, thermal treatments in a reducing atmosphere were
ried out to induce the precipitate formation. When the F
implanted YSZ crystals were annealed at 1000 °C for 1 h in
Ar14%H2 and then slowly cooled to room temperature t
redox conditions at the lower temperatures were such
Fe3O4 was the stable phase and;3–9 nm magnetite par
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ticles were formed that were crystallographically orient
with respect to the YSZ lattice. When the samples contain
the Fe3O4 precipitates were heated for 2 h in Ar14%H2 at
1100 °C, the conditions were sufficiently reducing so th
metallic Fe was the stable phase which could be retained
quenching the samples from 1100 °C. This resulted in
formation of cubic faceted,;10–20 nm single-crystal pre
cipitates of metallic Fe that were crystallographically o
ented with respect to the host YSZ lattice—and accordin
with each other.

The plan-view transmission electron microscope~TEM!
images shown in Fig. 1~a! illustrate the generally cubic mor
phology and size distribution characteristic of the facet
aligneda-Fe precipitates formed in YSZ. The TEM micro
graph in Fig. 1~b! shows a high-resolution image of a sing
large and several smaller iron particles, and the Moire´ fringe
contrast establishes that the single-crystal precipitates
aligned with the host YSZ lattice. X-ray diffraction analys
of the Fe-precipitate/YSZ-host system confirmed the form
tion of metallic a-Fe and also revealed the presence o
small component ofg-Fe even though the Fe phase diagra
shows that theg-Fe phase is not normally stable at roo
temperature. X-ray analysis was also used to determine
the a-Fe precipitates exhibit two different, but symmet
related, orientations relative to the YSZ host. The predo
nant orientation is:a-Fe~110!iYSZ~001! out-of-plane and
a-Fe@001#iYSZ@100# in-plane. The less-common relativ
orientation was found to be:a-Fe~001!iYSZ~001! out-of-
plane anda-Fe@100#iYSZ@110# in-plane. The particles of the
small g-Fe component had only one relative orientation th
was determined to be:g-Fe~001!iYSZ ~001! out-of-plane
andg-Fe@100#iYSZ@100# in-plane.

A plan-view TEM micrograph of the Fe3O4 precipitates
is shown in Fig. 2~a!. A comparison of Figs. 1~a! and 2~a!
illustrates the significant difference between the sizes
the metallic a-Fe precipitates and the magnetite particle
Electron diffraction analysis established that the Fe3O4
© 2000 American Institute of Physics
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particles were oriented cube-on-cube with respect to
YSZ host lattice. The presence of Moire´ fringes in the
higher-magnification TEM micrograph shown in Fig. 2~b!
also indicates that the Fe3O4 particles are crystallo-
graphically oriented with respect to the YSZ host-crys
lattice. X-ray analysis confirmed the presence of Fe3O4 par-
ticles and showed that the relative particle-host orienta
was, in fact: Fe3O4~001!iYSZ(001) out-of-plane and
Fe3O4@100#iYSZ@100# in-plane.

By introducing embedded nanophase precipitates
a-Fe or Fe3O4, it was possible to create a magneto-optica
active layer in the otherwise optically inactive near-surfa
region of the YSZ host crystal. These magnetic-precipita
induced magneto-optical effects were manifested in the fo
of the relatively large magnetic circular dichroism~MCD!
response illustrated in Fig. 3. MCD signals like those in F
3 represent the magnetically induced difference in the
sorption of right- and left-circularly polarized light by th
magnetic nanocomposite surface. Since the boundaries o
region occupied by the magnetic particles are diffuse,
MCD signal is defined in terms of the optical density of t
precipitate/host system as follows:

FIG. 1. ~a! TEM micrograph of a backthinned sample of YSZ containi
faceted, coherently oriented predominantlya-Fe nanophase particles@view-
ing direction along the YSZ~100! axis#. ~b! High-magnification view show-
ing Moiré fringes consistent with the crystallographic orientation of t
precipitates relative to the host YSZ lattice.
Downloaded 11 Sep 2009 to 160.91.157.167. Redistribution subject to AI
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0

`

~aL2aL!dt, ~1!

whereaL andaR are the absorption coefficient for left- an
right-circularly polarized light,t is the thickness of the im-
planted layer, and ODL and ODR are the optical density for
left- and right-circularly polarized light, respectively.

The magnetic-field variations of the MCD measured a
wavelength of 400 nm for thea-Fe and Fe3O4/YSZ near-
surface nanocomposite systems are shown in Fig. 3
sample temperatures of 297 and 4 K. An analysis of
MCD response for magnetic nanoparticles will be presen
elsewhere.5 The MCD has been shown to be proportional
the magnetization of the particles,5 so the hysteresis loops i
Fig. 3 can be explained in terms of the magnetic charac
istics of small embedded particles. The coercivities and
manents~i.e., MCD response that remains when a high ma
netic field is returned to zero! are shown on the figure
Variations in the coercivity of both thea-Fe and Fe3O4 par-
ticles as a function of temperature are apparent in Fig. 3

The sample coercivities can be attributed to the cu
magnetocrystalline anisotropy of single crystals in crysta

FIG. 2. ~a! TEM micrograph of a backthinned sample of YSZ containin
nanophase precipitates of Fe3O4 . ~b! High-magnification view showing the
details of the Fe3O4 particle morphology. The Moire´ fringes show that the
Fe3O4 precipitates are crystallographically aligned relative to the YSZ h
crystal lattice.
P license or copyright; see http://apl.aip.org/apl/copyright.jsp
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graphic alignment with the YSZ host. Thea-Fe particles
have two alignments relative to the applied magnetic fie
i.e., ;2/3 of thea-Fe particles have a@110# axis along the
field direction and about 1/3 have a@100# axis along the field
direction. The coercivities atT50 for particles with these
alignments are

HCO@100#52K/Ms , ~2a!

HCO@110#5~2/3!3/2K/Ms , ~2b!

whereK is the anisotropy constant, andMs is the saturation
magnetization.

The Fe3O4 particles are in a cube-on-cube alignment with t
YSZ so their coercivity is

HCO5HCO@100#5~2/3!3/2K/Ms . ~3!

@The particle directions in Eqs.~2b! and ~3! are different
becauseK is negative for Fe3O4 but positive fora-Fe.# The
small particles are expected to become superparamag
above a blocking temperatureTb that depends upon the
volumeV

Tb>KV/100kB . ~4!

Table I shows estimates ofHCO and Tb obtained from
Eqs.~2! to ~4! by using the average particle volumesV̄ ~from
TEM! and K values obtained from Mo¨ssbauer
measurements.6,7 The bulkK values are included.

FIG. 3. MCD results showing the hysteretic response of magnetica-Fe and
Fe3O4 precipitates in a single crystal YSZ host. Curvesa and c show the
MCD results for Fe at 297 and 4 K, respectively, while curvesb andd show
the results for Fe3O4 at these temperatures. The coercivity,Hc, and a factor,
R, representing the ratio of the remanent response atH50 to the saturation
value at highH, are indicated.
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The coercivities ofa-Fe and Fe3O4 measured at 4 K,
where all of the particles should be blocked, are in reas
able agreement with theHCO estimates, since a 4 Kvalue is
expected to be at least 10% less thanHCO because of therma
effects. The value ofTb5356 K for a-Fe is consistent with a
MCD response that is temperature independent except
the reduced coercivity at higher temperatures. The value
Tb543 K for Fe3O4 suggests that these particles should b
come superparamagnetic above 43 K. Some superpara
netism is evident in the case of the Fe3O4 particles—the
saturation value of the MCD decreases by 10%–20%
tween 4 and 298 K—but some small hysteresis indicative
ferrimagnetism persists to 297 K. This room temperat
hysteresis is not unreasonable since Mo¨ssbauer measure
ments have confirmed that 8.2 nm particles are ferrimagn
at room temperature, and a larger K value of
3105 erg/cm3 has been reported for the 8.2 nm particle7

The present samples contain some Fe3O4 particles at least as
large as 9 nm, and their volume of 7.3310219 cm3 when
used with the largerK value in Eq.~4! gives a higher value
of Tb>232 K. Because of their much larger volumes, t
larger-diameter particles contribute proportionately more
the MCD, and these particles remain ferrimagnetic to mu
higher temperatures than do the smaller particles.

The differences between the MCD-determined hystere
curves shown in Fig. 3 fora-Fe and Fe3O4 are due primarily
to the intrinsic differences in the magnetic properties as w
as the significant difference in the precipitate size for the t
materials. There are previous reports of the formation of p
cipitates ofa-Fe in an Al2O3 host by ion implantation and
annealing8 but this system was only characterized usi
Mössbauer spectroscopy or vibrating-sample magnetom
methods. The magneto-optical effect reported here for
and Fe3O4 particles is apparently a general phenomenon t
is characteristic of magnetic nanocomposite surfaces, and
a-Fe particles produced in single crystals of Al2O3

8 are ex-
pected to exhibit similar optical effects.
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TABLE I. Estimates ofHCO andTb for a-Fe and Fe3O4 particles in YSZ.

Particle
Ms

~G!
Kbulk

(105 erg/cm3)
KMöss

(105 erg/cm3)
V̄

(10218 cm3)
HCO

~G!
Tb

~K!

a-Fe 1710 4.8 8.2 6.0 493 356
Fe3O4 510 211.0 212.0 0.5 1280 43
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