RAPID COMMUNICATIONS

PHYSICAL REVIEW B VOLUME 57, NUMBER 22 1 JUNE 1998-II

Magnetization behavior of nanometer-scale iron particles
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The magnetic propertiesmagnetic moment, shape anisotropy, switching field, and distributadn
nanometer-scale ferromagnetic iron particles are investigated by measuring magnetization curves for different
particle orientations. The measured switching fields indicate that magnetization curling accounts for the rever-
sal at “zero” temperatures and an exchange length=2.6 nm, is deduced. A phenomenological model
describing the temperature dependence of the switching field is used to estimate the activation sglume,
=270 nn?. This is small compared to the particle volume and may explain the experimental fact that the
magnetization reversal cannot be described by thermal activation over an average single energy barrier.
[S0163-182608)51022-3

The investigation of microscopic ferromagnetic particlesconsist of a bcc iron core surrounded by a carbon coating
is important for testing basic concepts of ferromagnetm which may come from the FEO)s precursor. This coating
as well as gaining insight into the magnetic behavior of mords important for the stability of the particles as it reduces
complex structurege.g., hard magnetsTo this end, the de- their oxidation and aging in air.
velopment of micromagnet manufacturing techniques has Magnetization curves of the particle arrays are measured
been accompanied by sophisticated measurement techniqué&®m 10-100 K and with fields applied parallel and perpen-
e.g., near field magnetic force and Lorentz microscopy, midicular to the particles’ EMD. Also, MFM measurements
cro superconducting quantum interference device and HaWhich directly image the particle switching at a given field
magnetometry, and electron holography. are performed at room temperature. o

Here, we report on the switching behavior of arrays of The response of the Hall magnetometer is induced by the
nanometer-scale iron particles of approximately cylindricalParticle magnetic stray field of the array which must be
shape. The ferromagnetic particles show shape anisotro _mmed over the_full active area of the Hall magnetometer.
with an easy magnetization directiéEMD) parallel to the ~Since the dimensions of the array are of the same order of
long axis. Magnetization curves are measured parallel anfl@gnitude as the magnetometer dimensions, the field profile
perpendicu|ar to the EMD using an integrated Hall magne_Of the eXte.nde.d Cyllnders |.S Ca.lcula.ted exaCtIy rather than
tometer whose response is calculated from the stray field dfSing a point-dipole approximation. o
the dots. By fitting calculated magnetization curves to the The particles’ iron cores are assumed to be cylindrically
measured hysteresis loops, we obtain information on théhaped(heighth and radiusR, whereR is determined ex-
magnetization dynamics of the particles. perimentally from the stray fieJdand to have their magnetic

A combination of chemical vapor depositi¢€VvD) and
scanning tunneling microscop8TM) has been uséd® to
fabricate the arrays of ferromagnetic iron particles. The num-
ber, location, and height of the particles in an array is con-
trolled by steering the tip in a programmed array pattern. The
particle array is grown directly onto a semiconductor Hall
cross which is used as a compensation magnetorhdtee.
Hall voltage induced by the magnetic flux of the particles
through the cross is detected to measure magnetization
curves of the arrays.

The arrays are examined by scanning elect(SEM),
atomic (AFM), and magnetic forcéMFM) microscopy(cf.
Ref. 6. Typical AFM (top) and MFM (botton) images of
identical parts of an array are presented in Fig. 1. From AFM
measurements, the interparticle distance i800 nm and the
height is 170 nm. Earlier TEM studiésevealed that not all FIG. 1. AFM (top) and MFM (bottom) of identical portions
of the volume of each particle is magnetic but in fact, they(width 3 um) of an array consisting of 2921 particles.
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moments homogeneously distributed within their volume.
For fields applied parallel to the particles’ EMD, switching
of the magnetization can be observed but reversal involves
inhomogeneous magnetization modes even for particles as < g g |
small as those discussed héréIn contrast, the reversible '
magnetization rotatidd can be assumed to be homogeneous
over the particle volunié and the exchange energy contri-
bution to the particles’ free energy densityanishes. Re-
versible rotation is best observed for fields applied perpen- 04 02 00 02 04
dicular to the EMD. Taking into account the Zeeman and . .

anisotropy energy density results in applied field u0H (T)

T=30K

o
N
1

Hall voltage

f= Kssinzﬁ—JSH cog Iy— ), (1) _ FIG. 2. Mt_easu_red hysteresis curve of_ a particle atchyFig. 1)
with the applied field parallel to the particles’ EMD.
where 9, and 9 are the orientations of the applied figtt
and the_ particles magnetlzgtlcﬂg with respect to the EMD, b= /%(CZJFRQHqR. (50)
respectively. The shape anisotropy constant
) Here,q is the radial distance between the particle’s symme-
Ks=(NL=Ny)Jg/210 ) try axis and the point in the Hall cross under consideration
andg, the corresponding azimuth angle. For the radial plane

is related to the demagnetization factors paralig)(and L
one finds

perpendicular i, ) to the particles’ cylinder axisi.e., the
EMD). Magnetocrystalline anisotropy can be neglected since

o . R - i
it is one order of magnitude smalleK(=53 kJm 3, Ref. H=— JsR cos ¢~ ¢g)sin &

12) than shape anisotropy. The equilibrium orientation of the 27 po
particles’ magnetization(H,dJ,) can be determined by . 1 zg+h
minimizing f with respect tod. XJ cos¢’de’
The magnetic stray field for an iron particle of known 0 Vh?+0?+R?>-2qR cos ¢’ =z,
I

volume andhomogeneoysnagnetization orientation can be
calculated at any point of the active area of the Hall magne- (6)

tometer by integration over magnet!c surface charges. Her%\’/ith ¢ being the azimuth angles of the particles’ magnetiza-
only thez component of the stray fieldi,, normal to the  yjo, The remaining integral was solved numerically. The
plane of the Hall magnetometéire., normal to the substrate yiqances needed for the calculations are taken from AFM
surfacg |as relevant. The COﬂtI‘IL’rJUtIOI’]S of the two .aX|aI and MFM images. Note that, for the dimensions of interest
planes,H; , and the radial planéd;, to the total stray field ere the calculated stray fields differ by at most 5% com-
of the cylindrically shaped particles are considered SeParared to values for a rod of heightbut with square planes
rately of the same area instead of circular planes.

_ a. as. r The compensated Hall voltage measured for an array of

Ho= —Ha(hi=2gt )+ Hz(hi=29) +H, ©®  29x21 particles at a temperature=BO0 K is presented in

whereh; is the distance in the direction between the axial Fig. 2, showing parts of field sweefmveep rate 20 mT/mjn
plane under consideratiofiop or bottom of the cylindrical from uoH=1.5T to—1.5 T and back to 1.5 T. The field is
particle and the active Hall layer anzj, is the thickness of ~applied parallel to the particles’ EMD and hence the switch-
the layer below which the active layer is buried underneatting behavior of the particles’ magnetization is observed. The
the substrate surface. In the case of the axial planes, tH@ughly rectangular shape of the hysteresis curve indicates

integral can be solved that the particle magnetization stays parallel to the EMD
until individual particles reverse their orientation within a
\]Shicosﬁ[ */hi2+ g2 hi2+ g>+qR relatively small rangeAH.,, around the mean particle
8= - switching fieldHs,, (for applied field parallel to the EMD,
8o h? h?Vh?+(q+R)? H.,, corresponds to the coercive fight}). The values of,,
andAHg,, measured for different temperatures are presented
3 ) [y in Table I.
+ N 2u_tan }(y2u_)—2u_tan T(C_R) Figure 3 shows magnetization curves measured at 60 K
4gv2 and for the applied field perpendicular to the easy direction.
1— \/Eu b—U,(c+R) Prior to this measurement, the _sample was magnetized par-
“iIn + +in + 4) aIIeI_ to the partl_cles_’ EMD in a field of 1.5 T and hence the
1+ \/§u+ v+u,.(c+R) particle magnetization was aligned. Therefore the absolute
value of the initially measured Hall response at zero field
with corresponds to the voltage found for EMD parallel to the
field direction. For increasing field the magnetization rotates
c’=h?+R*+q?, (58  toward the field direction and is aligned parallel to the ap-

plied field for field values larger than tishape anisotropy
u-=+qg/(cxq), (5b)  field ugHpA=2uoKs/Js~0.7 T. The field was sweptto 1.5 T
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TABLE I. Derived properties of the magnetic particle array 0.30
shown in Fig. 1 for different temperatureei?' can only be related — ]
to the exchange lengtk,, at “zero” temperature. }\—_/ Sl particle
1 LN

T [K] 10 30 60 100 3 0257 diameter

IO 1 “~..10 nm
moHsw [T] 0.28 0.26 0.24 0.21 =*0.02 = ) °°*'<~>..,. ] \\‘
o AHg [T] 004 0.09 0.08 0.08 =0.02 0.20 - e b
m [107%% J/T] 7.9 8.2 7.6 75 =10 ] 14 nm .
Ks [MIm 3] 0.62 0.61 0.61 0.58 =*0.04 —
R [nm] 5.0 5.05 4.9 485 +0.3 0 50 100
AE2! [nm] 25 2.4 2.3 22  *04 T (K)

FIG. 4. Switching fieldsH,, vs temperature for the array of

followed by sweeps te- 1.5 T and back to 1.5 T. However, particles with magnetic core diameter 10 nf)( The line is the
no Hall response was measured for the latter field sweeps. Broposed;,(T) model. Results ¢ ) obtained from an array with
the field decreases from a value much greater tHarto a 14 nm particle diameter§rom Ref. 3.
value less tharH 4 the individual magnetizations rotate to- ] . o
ward the EMD in a plane given by the EMD and the field. radiusR of the particles’ magnetic iron corer&number of
For a field applied exactly perpendicular to the EMD, how-Particles. Results of the fits are shown in Fig.(thes) and
ever, neither of the two easy orientations is preferred and th€ values derived at different temperatures are presented in
particles’ magnetizations are distributed symmetrically withTable 1. The good agreement between measured and calcu-
respect to the field. The symmetry of this distribution is sup-ated Hall voltages indicates that the particles’ magnetization
ported by thermally activated switching at fields below butPehavior for perpendicular field orientation can be explained
close toH , (see below At zero field, the particles’ magne- by uniform rotation as initially assumed. Note that the values
tizations are aligned parallel to the EMD but both orienta-for Ks are somewhat lower than those calculated for elon-
tions are equally probable and hence no net magnetization @ated cylinders £0.90 MJnT°). The determinecKs are
measured. The symmetry can be broken by a small misaligrmean values only, and grain boundaries dividing some of the
ment of the field from the perpendicular directiGinset in ~ Magnetic particles into several grains along their long axis
Fig. 3, angle between EMD and field: 89.3°). Thus all mag-May cause such a reduction. As expected from(EqKs is
netizations are aligned parallel and their orientation depend®und to be almost temperature independent.
on the field polarity. Assuming magnetization reversal by uniform rotation

The field dependence of the Hall response can be calcuiesults® in a switching fielduoHs,=2Ks/Js~ 0.7 T which
lated using the stray field calculation discussed above. BgXceeds the measured values by a factor of three and shows
fitting such curves to the data, a mean valuekgfand the Only a weak temperature dependence below 100 K. This
total magnetic momenn of all particles can be obtained if clearly indicates that magnetization reversal involves a non-
all individual magnetizations rotate in the same direction.uniform mode which is likely to be curling for the particle
The results form=n7R%hug Js are used to estimate the dimensions under consideratidthe nucleation fieldwhich
equals the switching fie)dof an infinite cylinder of radiu®R
calculated for curling mode is given by

s 0.10] toHsw=0.54s(Nex/R)?, @
= ] where \ o, = (uoA) Y% Jg is the exchange length andl the
o> 0.051 exchange constant. Values calculated using [#y.are in-
< cluded as\S?' in Table I. As will be shown, however, only
8) 0.00 the “zero” temperature values can be interpreted within the
S ] framework of curling. By extrapolationy¢,=2.6 nm andA
154 0 05_3 =26 pJm?! are estimated in agreement with values given
= ] elsewheré:®
:‘E 1 T=60K The influence of temperature on the magnetization rever-
0104 —— et sal is twofold: (i) via the material properties, an@) via
-0.8 0.4 0.0 0.4 0.8 thermal fluctuations. The material parameters of interést (
applied field lvloH (T) A, Kg) are knowd to vary only slightly for temperatures

below 100 K(cf. Table ), suggesting that the large change
FIG. 3. Magnetization curvegmarkers measured for applied ©f Hsw Shown in Fig. 4 must be explained by thermal fluc-
field perpendicular to the particles’ EMD. The lower branch markstuations. The influence of thermal fluctuations on magnetiza-
the initial curve obtained after magnetizing the sample parallel tdion reversal was first discussed by éifé and further ana-
the particles’ EMD in a field of 1.5 T. The line presents the best fit.lyzed by Brown.> The two stable magnetization states
For comparison, the inset shows a magnetization curve measurégnoment “up” or “down” ) are separated by an energy bar-
for a field orientation differing slightly from the exact perpendicular rier which decreases with increasing applied field. For a suf-
orientation. ficiently large field, the energy barrier can be overcome by
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thermal fluctuations and the magnetization reverses. In addagreement with the linear temperature dependence predicted
tion, the smaller the particle volume the smaller the energyy Eq. (8). Additionally, Eq.(8) predicts that this tempera-
barrier, an effect leading ultimately to superpara-ture dependence dfig, is strongly influenced by the par-
magnetisnt> However, an analysisof the temperature de- ticles’ radiusR but not by their length. The former effect is
pendence oH;,(T) reveals that, decreases far too rap- demonstrated in Fig. 4: the switching fields of particles of 14
idly with increasing temperature, using our experimental valnm diametet are less influenced by thermal fluctuatidias

ues of Ks. Again, this indicates that the magnetization yough estimation yields ,=480 nni supportingw ,R? as
reversal in our particles takes place by a nonuniform modegterred from Eq.(8)] than their smaller counterpart. The

in contrast to the nearly spheric particles considered in Ref\yaluea~0.8 may indicate a magnetization reversal nucleat-

2. In an elongated particle, r_eveysal may take plac;e inho_mq—ng at one end of a particle, a behavior also found by simu-
geneously along the long axis via a complex path in ConflguTation calculations?® Equation(8) as well as the experimen-

ration space which does not involve a single energy batfier. ) . o o
. tal results listed above are in agreement with investigations
To interpret the temperature dependencélgf, for small o -18-20 s ) . ;
gn magnetic viscosif{~2°for similar particle dimensions.

particles, a phenomenological model is adapted from har In conclusion. the maanetic properti t nanometer |
magnetic materials’ One assumes a nucleus of reversed, cot_clusof, el aghe cp odpel_ €s ot hano t'e er-scae
magnetization of activation volume, , separated from the roN particles of regular shape and alignmemagnetic mo-

remainder of the particle by a domain wall. For small par-Ment. mean shape anisotropy, switching field, and distribu-
ticles, vo=mR2l 5, wherel, is a fraction of the particle tion) have peen mve_stlgqted_by measuring magnetization
length. The nucleus and its corresponding domain wall i$urves for fields applied in different directions. The mea-
Successfu“y formed |f the gain Of magnetostatic energy in_SUred SWitChing fleldS indicate that magnetization reVersal
side v, and the thermal activation equal the wall energy.occurs by curling at “zero” temperature, and an exchange

Thus length,\.,=2.6 nm, is estimated. At higher temperatures up
to 100 K, thermal activation in a nucleation volume of

_ay 25T ® (6.5 nmY also contributes to the reversal. This volume is

WA vads much smaller than that of the physical particle which may

explain why the magnetization reversal in the present case
cannot be described in terms of excitations over a single
energy barrief. A phenomenological model was introduced
which accounts for the linear dependence of the switching
field on temperature and strong influence of the particles’
diameter which are observed experimentally.

The prefactorr accounts for the number of walls involved in
the formation of the nucleus as well as for particle inhomo-
geneities. For small particles, we assume 2AK; inde-
pendent of the particle dimensidAs® (and henceKy) al-
though the actual wall configuration might not be known. At
low temperaturesp, can be assumed to be temperature

independerf since it is related to/A/K;. Note that Eq(8) This work was supported by NSF Grant Nos. DMR 95-
is independent of the actual nucleation mode. 27553 and DMR 95-10518 and AFOSR Grant No. F49620-

A fit of the dependenckl,(T) yieldsv,=270 nn? (see  96-0018. S.W. is supported by the Alexander von Humboldt
Fig. 4). The experimental values dflg, are in excellent Foundation, Germany.
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