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Magneto-optical effects from nanophase  a-Fe and Fe;0O, precipitates
formed in yttrium-stabilized ZrO , by ion implantation and annealing
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Magneto-optically active nanocomposite structures have been created by using ion implantation and
thermal processing to form precipitated layers of ferromagrete or ferrimagnetic F©, that are
embedded in the near-surface region (@D0)-oriented yttrium stabilized ZrQ (YSZ). When
Fe-implanted YSZ is annealed at 1100 °C in+A%H,, the redox conditions are sufficiently
reducing so that metallic Fe is the stable phase. At lower temperatures the annealing conditions
become less reducing andjBa becomes the stable phase. Transmission electron microscopy and
x-ray diffraction studies established that eaetire or FO, 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 FgO, 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 PhysidsS0003-695000)02031-3

Recent work has shown that ion implantation and theriicles were formed that were crystallographically oriented
mal processing techniques can be used to form embeddeuith respect to the YSZ lattice. When the samples containing
nanophase precipitates whose properties change significantlye FeO, precipitates were heatedrf@ h in Ar+4%H, at
either at a phase transition or when subjected to an externatl00 °C, the conditions were sufficiently reducing so that
perturbation.”® These property changes can result in the for-metallic Fe was the stable phase which could be retained by
mation of either “smart” or “active” nanocomposites in the quenching the samples from 1100 °C. This resulted in the
near-surface region of host materials that would otherwise bgyrmation of cubic faceted~10—-20 nm single-crystal pre-
inactive? (Here, a smart surface combines both sensing andipitates of metallic Fe that were crystallographically ori-

actuating functions while an active surface has propertiegnted with respect to the host YSZ lattice—and accordingly
that respond to a deliberately applied external perturbation,yith each other.

In the present work, the concept of creating active or smart o plan-view transmission electron microscdB&M)

near-surface nanocomposites on inactive materials is E)h;nages shown in Fig.(h) illustrate the genera"y cubic mor-

te_nded to encompass the forr_natmn Of surfaces containin hology and size distribution characteristic of the faceted,
dispersed but crystallographically oriented and facete ligned a-Fe precipitates formed in YSZ. The TEM micro-

single-crystal magnetic nanophase precipitates. These mag- g . L .
: . . raph in Fig. 1b) shows a high-resolution image of a single
netic nanocomposite surfaces were found to exhibit an ung ph in Fig. 1) W '9 ution imag ng

usual type of magneto-optical activity arising from the inter—largﬁ art1d setzvslrialhsmattlkllert |$n pzii;n(I:les,r ar:dl thf N:fr:tr@te ;
action of light with the dispersed precipitates resulting in the-ONrast establisnes that the single-crystal precipiates are
creation of an optically active layer on the surface of theahgned with the host YSZ lattice. X-ray diffraction analysis

otherwise inactive cubic zirconia host. qf the Fe-pregipitate/YSZ-host system confirmed the forma-
lon implantation and annealing were used to formtion of metallic a-Fe and also revealed the presence of a
nanophase magnetic precipitates of either metaitige or ~ Small component of-Fe even though the Fe phase diagram
Fe;0, (magnetit¢ that are embedded in the surface of anshows that they-Fe phase is not normally stable at room
yttrium-stabilized, cubic Zr® (YSZ) host. The Fé ions temperature. X-ray analysis was also used to determine that
were implanted into a Syton-polished00)-oriented surface the a-Fe precipitates exhibit two different, but symmetry
of Yo1Zros01 93 USiNg an implant energy of 140 keV, a related, orientations relative to the YSZ host. The predomi-
dose of 8.x10™ Fe* ions/cnf, and a sample temperature nant orientation is:a-Fe(110)[YSZ(001) out-of-plane and
of ~77 K. Calculations carried out using theim codé  a-Fg001]|YSZ[100] in-plane. The less-common relative
predict that the peak of the Fe-implant profile is at a depth obrientation was found to bew-Fe(001)||YSZ(001) out-of-
~45 nm below the surface. Following the implantation of plane ande-Fg 100]|YSZ[110] in-plane. The particles of the
Fe’, thermal treatments in a reducing atmosphere were casmall y-Fe component had only one relative orientation that
ried out to induce the precipitate formation. When the Fewas determined to bey-F&001)|YSZ (001) out-of-plane
implanted YSZ crystals were annealed at 1000 °Clfth in  and y-Fg100]|YSZ[100] in-plane.
Ar+4%-H, and then slowly cooled to room temperature the A plan-view TEM micrograph of the R, precipitates
redox conditions at the lower temperatures were such tha§ shown in Fig. 2a). A comparison of Figs. (8) and 2a)
Fe,0, was the stable phase ané3—9 nm magnetite par- jjystrates the significant difference between the sizes of
the metallic a-Fe precipitates and the magnetite particles.
dElectronic mail: Ib4@ornl.gov Electron diffraction analysis established that the;Be
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FIG. 1. (8 TEM micrograph of a backthinned sample of YSZ containing F!/G- 2. (& TEM micrograph of a backthinned sample of YSZ containing

faceted, coherently oriented predominantifFe nanophase particlggiew- ~ hanophase precipitates of §g . (b) High-magnification view showing the
ing direction along the YSZ100) axis]. (b) High-magnification view show-  details of the Fg, particle morphology. The Moiré&inges show that the
ing Moiré fringes consistent with the crystallographic orientation of the F&04 Precipitates are crystallographically aligned relative to the YSZ host

precipitates relative to the host YSZ lattice. crystal lattice.

particles were oriented cube-on-cube with respect to the _ _ _ <
YSZ host lattice. The presence of Moirfeinges in the MCD=0D ODR_IOglO(e)fo (a —a)dt, @
higher-magnification TEM micrograph shown in Fig(b2

also indicates that the E®, particles are crystallo- wherea; andag are the absorption coefficient for left- and
graphically oriented with respect to the YSZ host-crystalright-circularly polarized lightt is the thickness of the im-
lattice. X-ray analysis confirmed the presence ofTzepar-  planted layer, and ODand OLy are the optical density for
ticles and showed that the relative particle-host orientatioteft- and right-circularly polarized light, respectively.

was, in fact: Fg0,(001)|YSZ(001) out-of-plane and The magnetic-field variations of the MCD measured at a
Fe;0,[100]|YSZ] 100] in-plane. wavelength of 400 nm for the-Fe and FgO,/YSZ near-

By introducing embedded nanophase precipitates ofurface nanocomposite systems are shown in Fig. 3 for
a-Fe or FgQ,, it was possible to create a magneto-opticallysample temperatures of 297 and 4 K. An analysis of the
active layer in the otherwise optically inactive near-surfaceMCD response for magnetic nanoparticles will be presented
region of the YSZ host crystal. These magnetic-precipitateelsewheré€. The MCD has been shown to be proportional to
induced magneto-optical effects were manifested in the fornthe magnetization of the particléso the hysteresis loops in
of the relatively large magnetic circular dichroistMCD) Fig. 3 can be explained in terms of the magnetic character-
response illustrated in Fig. 3. MCD signals like those in Fig.istics of small embedded particles. The coercivities and re-
3 represent the magnetically induced difference in the abmanentgi.e., MCD response that remains when a high mag-
sorption of right- and left-circularly polarized light by the netic field is returned to zeyoare shown on the figure.
magnetic nanocomposite surface. Since the boundaries of théariations in the coercivity of both the-Fe and FgO, par-
region occupied by the magnetic particles are diffuse, theicles as a function of temperature are apparent in Fig. 3.
MCD signal is defined in terms of the optical density of the =~ The sample coercivities can be attributed to the cubic

precipitate/host system as follows: magnetocrystalline anisotropy of single crystals in crystallo-
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[X1 0_3] TABLE |. Estimates ofH.o and T, for a-Fe and FgO, particles in YSZ.
T=297K
3.0 a Ms Kbuik Kmsss v Heo To
Vr g'F'i % Particle (G) (10° erg/icn?) (10° erg/icn?) (10 ¥cn?) (G) (K)
= (]
2.0 H =576 aFe 1710 4.8 8.2 6.0 493 356
10} $ bl FeO, 510 -11.0 -12.0 0.5 1280 43

0.0

1
—_
o

The coercivities ofa-Fe and FgO, measured at 4 K,
R=9% where all of the particles should be blocked, are in reason-
able agreement with thid o estimates, sirea 4 Kvalue is
expected to be at least 10% less tlvbgr, because of thermal
effects. The value of ;=356 K for a-Fe is consistent with a
MCD response that is temperature independent except for
the reduced coercivity at higher temperatures. The value of
Tp,=43 K for F&O, suggests that these particles should be-
come superparamagnetic above 43 K. Some superparamag-
netism is evident in the case of the;BPg particles—the
saturation value of the MCD decreases by 10%—-20% be-
tween 4 and 298 K—but some small hysteresis indicative of
ferrimagnetism persists to 297 K. This room temperature
hysteresis is not unreasonable since sktmauer measure-

N
o

Magnetic Circular Dichroism

Fe O,

R=43% . . . .
-3.0 H, = 1070 G ments have confirmed that 8.2 nm particles are ferrimagnetic
4.0 at room temperature, and a larger K value of 44
' tfry Ly X 10° erg/cn? has been reported for the 8.2 nm particles.
-5.0 54321012 3 4 5 The present samples contain somg@gparticles at least as
Magnetic Field (kG) large as 9 nm, and their volume of k30 !° cm® when

_ _ used with the largeK value in Eq.(4) gives a higher value
FIG. 3. MCD result_s shoyvmg the hysteretic response of magaefie and of T,=232 K. Because of their much larger volumes, the
Fe;0, precipitates in a single crystal YSZ host. Cunaesndc show the

MCD results for Fe at 297 and 4 K, respectively, while cubesdd show larger-diameter particles contribute proportionately more to
the results for F¢0, at these temperatures. The coercivity, and a factor, the MCD, and these particles remain ferrimagnetic to much
R, represe_nting the !'ati_o of the remanent respons¢=20 to the saturation  higher temperatures than do the smaller particles.
value at highH, are indicated. The differences between the MCD-determined hysteresis
curves shown in Fig. 3 fot-Fe and FgO, are due primarily
graphic alignment with the YSZ host. The-Fe particles to the intrinsic differences in the magnetic properties as well
have two alignments relative to the applied magnetic fieldas the significant difference in the precipitate size for the two
i.e., ~2/3 of the a-Fe particles have f110] axis along the materials. There are previous reports of the formation of pre-
field direction and about 1/3 havd 200] axis along the field cipitates ofa-Fe in an A,O; host by ion implantation and
direction. The coercivities af =0 for particles with these annealin§ but this system was only characterized using

alignments are Mossbauer spectroscopy or vibrating-sample magnetometer
H —2K/M (23 methods. The magneto-optical effect reported here for Fe
ca100 s’ and FgO, particles is apparently a general phenomenon that
Heo11g= (213)%K /My, (2b) is characteristic of magnetic nanocomposite surfaces, and the

a-Fe particles produced in single crystals ob®4® are ex-

whereK is the anisotropy constant, aid is the saturation T )
Py s pected to exhibit similar optical effects.

magnetization.
The FgO, particles are in a cube-on-cube alignment with the ~ Research sponsored by the Oak Ridge National Labora-
YSZ so their coercivity is tory, managed by UT-Battelle, LLC, for the U.S. Department
3/ of Energy under Contract No. DE-AC05-000R22725.
Hco=Hcoriog=(2/3)*K/Ms. ©)

[The particle directions in Eqs(2b) and (3) are different L. A: Gea, S. Honda, L. A. Boather, T. E. Haynes, B. C. Sales, F. A.
. . L Modine, A. Meldrum, J. D. Budai, and L. Beckers, Mater. Res. Soc.

because& is negative for FgO, but positive fora-Fe] The _Symp. Proc501, 137 (1998.

small particles are expected to become superparamagnetit. A. Gea, L. A. Boatner, H. M. Evans, and R. Zuhr, Nucl. Instrum.

above a blocking temperaturg, that depends upon their Methods Phys. Res. B27128 553 (1997).

volumeV 3L. A. Gea and L. A. Boatner, Appl. Phys. Lei8, 3081(1996.
4J. F. Zeigler,Transport and Range of lons in Matter, Version 96.01
T,= KV/lOG(B. (4) IBM-Research, Yorktown, NY, 1996.

5S. Honda, L. A. Boatner, T. E. Haynes, A. Meldrum, and F. A. Modine,

Table | shows estimates ¢io and T,, obtained from 6(un|oublishe01 _
Egs.(2) to (4) by using the average particle volumégfrom 7F. Bodker, S. Morup, and S. Linderoth, Phys. Rev. L&, 282 (1994).
. . H. S. Lee, W. S. Lee, and T. Furubayashi, J. Appl. PB§s5231(1999.
TEM) and K values obtained from Mgsbauer sy onkubo, T. Hioki, N. Suzuki, T. Ishiguro, and J. Kawamoto, Nucl.

measurementd’ The bulkK values are included. Instrum. Methods Phys. Res. 39, 675 (1989.

Downloaded 11 Sep 2009 to 160.91.157.167. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp



