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Oriented, Single Domain Fe Nanoparticle Layers in
Single Crystal Yttria-Stabilized Zirconia
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Abstract—To create an ensemble of oriented, single crystal par- prepared in a buried, rather dilute, roughly 2D array. It provides
ticles of iron, Fe ions were implanted into the near-surface region g well-characterized system for examining how particle effec-
of single crystal yttria-stabilized zirconia (YSZ). With thermal tive anisotropy competes with array shape anisotropy (related to

processing, the implanted species precipitated to form faceted, . . : . . ..
predominantly single-domain ferromagnetic nanoparticles. The interactions) in determining the magnetostatic characteristics.

YSZ substrate isolates, protects, and crystallographically textures
the nanoparticles, creating a magnetically anisotropic layer.
Experimental studies of the magnetizationM (H, T') at various

orientations of the applied field F show a major distinction only Nanoparticles of-Fe have been formed in the near-surface

betweenH || i (hard direction) and H L i (easy direction) - - . - . .
where i1 is the surface normal; there is little angular variation region of single-crystal yttria-stabilized zirconia¥Zro.sO1.9

within the plane. This feature and the behavior of the orienta- OF YSZ) by ion implantation followed by thermal processing.
tionally dependent coercive field H. and magnetic remanence Singly-ionized®®Fet with an energy of 140 keV was implanted
M, are attributed to magnetostatic interactions between the to a fluence of8 x 10'¢ atoms/cm providing a total Fe con-
particles. Non-inter_acting sin_gle-dom_ain particles sho_uld sh0\_N a tent of 1.7 x 10*¢ atoms, as measured by implant dose and
St_oner—WohIfarth-Ilke behavior that is poorly approximated in RBS. Most of the implanted iron was present initially as iso-
this far-from-close-packed system. . . . )
) . ~_lated Fe in the YSZ with a Gaussian profile centered at a depth
Index Terms—Anisotropy, Fe nanoparticles, magnetostatic in- f .45 nm according to TRIM calculations [6]. The Fe precip-
teractions, textured materials. . ! .
itated as single-crystal metal particles when the samples were
annealed at high temperatures in a reducing atmosphere; a1 h
[. INTRODUCTION anneal in Ar+- 4%H, at 1000°C with a slow cool, followed by
. 0 R
M INIATURIZATION interest in industry (with informa- 'Ia'hz f:he;nl?ﬁal n 'fAtFki; 4F/0H2rrat i;%on%t\zﬁwaé querim:e(rj E;]
tion storage being the most publicized) requires a ne € thickness ot the e array a‘saussian protie

look at the properties of iron at the nanoscale. While magnt at narrowed slightly with the annealing process and particle

tostatic properties of isolated single crystals small enough Y is<25 nm, with a log-normal d'St.”bUt'On‘ Pa_rtlcles of this

be single domain are reasonably well understood [1]—[3], it pize are expe_cted to be near_ly a]l single domain [3]. Fur_ther—
still unclear regarding how interparticle interactions can infly'ore: inspection of the TEM in Fig. 1 s.hows that the pl;e\rncles
ence magnetic properties in an ensemble of Fe nanopartic%r well separated with a volume fraction of about 10%, well

For example, most experiments deal with particles that have OP¥Z1 rgsfggﬁ:itg?elr:glihe newlv-formed nanocrvstals alon
isotropic distribution of anisotropy axes. This single particle an_istinct crystallographic directionsyas illustrated in gi 2 Bothg
gular disorder mimics the frustration inherent in random inteﬂ;I y grap ' 9. .

. . . . . o ... thea-Fe and YSZ are cubic, but the alignment is not cube-on-
rticle dipolar interactions and provi litatively simil . Lo L
particle dipolar interactions and provides qualitatively s acube. Preferred orientation can be found by aligning all 3 cube

features, e.g., rounded ( H) curves. Thus, interactions are fre- : .
quently neglected in the discussion of quasistatic magnetizat%)ﬁes of e with YSZ, and then rotating the Fe by 4found a

curves [4] in dilute systems. However, for Fe particles in Si |_r:ﬁle1<11(;) 0;28&' I&;hﬁofrf;e:ft tﬁvgtl']r?ailébztsr?ﬁisvggstezeleded
[5], interactions have to be accounted for when the saturatidh [110] 9 ' :
magnetization is studied as a function of temperature. To clarify
the issue of magnetostatic interactions, it is desirable to study an [ll. M AGNETIC MEASUREMENTS
assembly otrystallographically orientechanoparticles. . :
o X Magnetic measurements were conducted in a supercon-
This is the subject of the present work, where a system glfJ

oriented single-domain, single-crystal Fe nanoparticles wa cting quantum-interference device (SQUID) magnetometer
9 ' 9 y P atstemperatures of 5-400K and in applied fields of up to 10 kOe.

Because of the 3D texturing of the nanoparticles, it is possible
Manuscript received October 13, 2000. _ to apply the field in several distinct crystallographic directions
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Fig. 4. The coercive field as a function of temperature, but not with
Fig. 2. Primary orientations ofi-Fe nanoparticles in YSZ [110], roughly the expected\/f dependence. An empirical curve where = 1/8 and
equally populated. zero-temperaturé/. = 1000 Oe is shown.

Typical curves of magnetization as a function of applied field7,, changes little with differing applied field orientations, for all
M(H), are given in Fig. 3. The saturation magnetizatibh,:, temperaturesH, is suppressed with rising temperature when
of the system af" = 5 K is ~2.1 up/atom, compared to bulk thermal activation excites the system over energy barriers. Fine,
a-Fe with 2.2, g/atom [2], a 6% difference that is within ex-noninteracting particles with uniform size are predicted to have

perimental error. a temperature dependence of the form
Several things can be noted in Fig. 3 when one considers H.(T) T\"
the differences of the magnetization curve for different direc- = =1-(=1 , (2)
H_.(0) Ty

tions of the applied field. Most noticeably, the curve taken with
the applied field perpendicular to the surface has the lowest veéhere Tz is the blocking temperatureand » = 1/2 for
manence and the highest saturation field. This indicates thetiaxial anisotropy or 2/3 for cubic anisotropy [9]. The data
the anisotropy of the entire ensemble dominates. Furthermaskown in Fig. 4 deviate strongly from théT” or 7%/3 depen-
the coercivity appears to be insensitive to the direction of tlidence, which indicates that the assumption of independent,
applied field. With the field applied parallel to the layer, on¢hermally-activated particles is not appropriate. To illustrate this
expects a uniaxial anisotropy, since the (110) plane has oplyint, we have used representative values for zero-temperature
two-fold symmetry (see Fig. 2). Experimentally, th& H) data coercive field and the blocking temperature and show that the
exhibit only small differences in the remanence, a second orgenwer-law dependence does not seem representative of the
effect. Finally, the saturation field is always several times largdata.
than the coercive field. The remanent magnetizatiad,. changes with differing ap-

Let us now consider the variation of coercive fidiff and plied field orientation. At low temperature, witH along the
remanent magnetizatiaw,. with temperature. Fig. 4 shows thatnormal of the 2D array, we haw¥,./M,; ~ 0.25 and with H
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along the surface of the arrdy, /M., ~ 0.5. The in-plane ori- ' ' ' T T
entational dependence bf,. /M., which we attribute to mag- 0.6 H ”.to Yleo i
netocrystalline anisotropy of the particles, is suppressed witt _ o o {-1 13] _
increasing temperature, while the difference between in-plan 0.3 A 001
and out-of-plane measurements persists to higher temperature 04 _ 2 v [-557]| |
- v
IV. DISCUSSION 3 03 o
Since the volume fraction of the magnetic particles in the ~_ - - v ]
present sample is small compared to the situation in typica= | g 4
granular films, one is tempted to neglect the interparticle A % ]
interactions. However, let us consider the magnetic energ 0.1+ " ¥ i
scales that are involved in our material. Since the particles L " n . g
are small enough to be in a single domain state with their oo
magnetization rotating coherently during reversal, the three 0 50 100 150 200 250 300
contributions to the energy of the particle assembly are 1) the T(K)

Zeeman energy which couples the system to the appliea o .

field; 2) the effective anisotropy energy of the particles whici9; 3: Remanent magnetization as a function of temperaliealong the

. . . h surface and along the normal are very different, but there is a secondary effect
includes the contributions of magnetocrystalline, shape, agdrientation within the surface.

surface anisotropy as well as possible magnetostrictive effects

(since our particles are embedded in YSZ); and 3) the mtet{éspite the relatively low volume fraction in our sample, is in

particle interaction energy that consists only of magnetosta &cordance with the conclusions drawn from micromagnetic
interactions, since there is no direct exchange between

. . culations [10] of the quasistatic magnetization curves at zero
isolated particles. Of these three energy terms, the latter ?nperature for an assembly of interacting dipoles

have to be compared to understand the magnetic properties

of the system. A rough estimate for the ratio between the

interparticle interaction and the effective anisotropy is given V. SUMMARY
by o« = 47M2, f/2K.q, where as we have seen earlier, the

volume fractio;,f , is of the order of 10% and saturation mag- e have investigated the magnetic response of a textured
netization is comparable to that of bulk Fe, i.; ~ 1700 G. ensemble of single crystal nanoparticles of iron embedded in
The effective anisotropy parametdi.g, is usually difficult single crystal YSZ. The magnetizatidl (H, T') of this rela-

. . . . I i i~ 0, i -
to estimate, since in small particles, the unknown surface afi¢gly dilute (~10%) array appears to be dominated by magne
shape anisotropies can be much more important than the mté)é_tatlc interactions, with a significantly smaller influence from
netocrystalline anisotropy (rather small in Fe). For exampléingle particle anisotropy.

Chien [5] concluded that for Fe particles in Sihe effective
anisotropy is several orders of magnitude larger than the bulk
magnetocrystalline anisotropy. In the present case, however, _ _ . . .
we know that the particles are near-perfect cubes [7]' [8], for [l :B.rI]D.Culhty, Introduction to Magnetic MaterialsAddison-Wesley Pub-
. . ishing Company, 1972.
Wh'Ch the surfacg an'sqtmpy cancels by symmetry. The Sha.p?z] E. P. Wohlfarth, Ed., “Iron, cobalt and nickel,” Ferromagnetic Mate-
anisotropy of cubic particles has the same symmetry as the in-  rials: North-Holland Publishing Company, 1980, vol. 1, pp. 1-70.
trinsic magnetocrystalline anisotropy. It is therefore reasonabld3] D- L. Leslie-Pelecky and R. D. Rieke, “Magnetic properties of nanos-
t me thak.w ~ 5 x 10° era/en®. This leaves us with tructured materials,Chem. Mater.vol. 8, no. 8, pp. 1770-1783, 1996.
0 assu Leff A 0 X g/cny. _ ~ [4] C. Chen, O. Kitakami, and Y. Shimada, “Particle size effects and sur-
« == 3.8, meaning that interparticle interactions play a major face anisotropy in Fe-based granular film3,’Appl. Phys.vol. 84, pp.
role in this uniquely well-defined system of nanoparticles. 2184-2188, Aug. 1998. -
. . . . [5] C. L. Chien, “Granular magnetic solidsJ. Appl. Phys.vol. 69, pp.
The magnetization curves of Fig. 3 reinforce this conclu- 5267-5272, Apr. 1991.
sion. The hard axis perpendicular to the particle array, the satf6] J. F. Ziegler, “Transport and range of ions in matter, version 96.01,”
uration field being much higher than the coercivity, and the _ BM-Research, Yorktown, NY, 1996. _
. | b fi that the asvmmetric shape of the articlem S. Honda, F. A. Modine, A. Meldrum, J. D. Budai, T. E. Haynes, L. A.
Simple observation e _y v > P p ’ Boatner, and L. A. Gea, “lon-implantation/annealing-induced precipita-
assembly as a whole is significant, all indicate that the parti-  tion of nanophase ferromagnetic particles in yttrium-stabilized,ZtO

cles are not independent. Additionally, it is not surprising that _ Mat. Res. Soc. Symp. Progol. 540, pp. 225-230, 1999.
[8] S.Honda, F. A. Modine, A. Meldrum, J. D. Budai, T. E. Haynes, and L.

the pOYVer'laW_ temperqture dependenceHQ('T), Eq- (1), f?.llS _ A. Boatner, “Magneto-optical effects from nanophas€e and FgO,

when interactions are important. These figures, in conjunction  precipitates formed in yttrium-stabilized Zs@y ion implantation and

with Fig. 5 showing the more persistent effects of array shape  annealing,’Appl. Phys. Lett.vol. 77, pp. 711-713, July 2000. _

individual ticle anisotro all imolv directly that the [9] M. P. Sharrock, “Particle-size effects on the switching behavior of uni-

over _'n 'Y' ual partic ! - Py, ply _y axial and multiaxial magnetic recording materiallsEE Trans. Magn.

contribution of the effective anisotropy of the particles to the vol. 20, no. 5, pp. 754-756, Sept. 1984,

total energy is smaller than the interparticle interaction energy{10l %f,ﬁpssﬁﬁ“'.‘;he/fsm“,ﬁmaee?aﬁ"' Hpéyﬁés\ﬁfs‘;heéb Dy iy
F'na”y’ we note that the result of the present discussion, and W. H. éutler, “On thé role of magnétostatic interaétions in assem’-

namely that interparticle interactions play the dominant role  blies of iron nanoparticles,” J. Appl. Phys., to be published.
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