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Thermally activated magnetization reversal in nanometer-size iron particles
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Arrays of nanometer-scale iron particles were fabricated by scanning tunneling microscopy assisted chemi-
cal vapor deposition. This allowed precise control over the particles’ dimen&@meters down to 9 npand
their arrangement. The temperature dependence of the switching fields of these elongated particles revealed a
thermally activated nucleation/propagation type of magnetization reversal even for our smallest particles.
Improved high sensitivity Hall magnetometry allowed magnetic viscosity measurements which confirmed an
activation volume much smaller than the particle size.
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Nanometer-scale magnetic particles attract much interestuced oxidation of the samples in diFor arrays grown onto
since they can be used for testing basic concepts of ferrgyold, interaction effects between the particles could be ne-
magnetism and, possibly, for applications in high densityglected (interaction field<1 mT). Growth onto permalloy
magnetic storage. These goals, however, call for extremelked to enhanced interactiof®.t should be noted that the
small particles which are well shaped and arranged andlrecise arrangement and perfect alignment of the particles
hence' ever more demanding fabrication procedures' Th@ong with a controlled interaction between them pl’esents a
include electron and ion beam and interference lithographyhajor advantage for detailed analysis of their magnetic prop-
electrodeposition, as well as scanning tunneling microscop§'ties.

(STM) assisted methods. The particle sizes often approach or Hall measurements were performed for temperatures from
may even be smaller than the superparamagnetic limit whicf to 100 K and in fields up to 1.5 T applied at various angles
restricts their applicability for data storageh second limi- ¥ With respect to the particles’ long axes. Optimal sensitivity
tation for ever higher storage densities arises from particl&vas achieved if the array to be measured and the underlying
interactions: The closer the particles are packed the strongétall cross (onto which the array was directly grown
their interactions. This effect becomes even more importaratched in sizé: Hence, the smaller the array intended to be
for particles small enough such that thermal activation remeasured the smaller a Hall cross had to be fabricated be-
duces their individual coercivities. Moreover, it is a chal- forehand. The 44 particle array shown in Fig. 1 was grown
lenge to measure the magnetic properties of extremely smafinto a Hall cross of 1 um? and slightly off center. We
volumes. dc micro-SQUIDS? magnetic force microscopy emphasize that STM-assisted growth appears to be perfectly
(MFM), and Hall magnetometfyhave been successfully ap- Suitable for growing the particles at a predetermined loca-
plied. tion. The peculiar arrangement of the particles in Fig. 1

Here we report on the magnetic properties of well-shapedright) was caused by a relaxation of the STM-piezo tube.
iron particles of nanometer sizdiameter 9-20 nm, height At room temperature, magnetization switching was ob-
of 50—-250 nm for the different arrayshich were grown as  served by taking MFM imageafter applying field pulses of
arrays with varying particle number and arrangement andip to 0.3 T perpendicular to the image plane. This procedure
onto different(nonmagnetic and magnefisubstrates. Re-
versible and irreversible magnetization processes were ana-
lyzed from hysteresis and magnetic viscosity measurements :
using Hall gradiometry® up to 100 K. To broaden the cov-
ered temperature range, MFM measurements were per-
formed at room temperature. This has permitted detailed
studies of thermally activated magnetization reversal which
has been analyzed using a phenomenological description.

Arrays of iron particles were fabricated by a combination
of chemical vapor depositiofCVD) and STM’® An advan-
tage of this method is that the particles’ height and their
location with respect to each other and to any feature on the
sample surface can easily be controlled by steering the STM
tip. At present, particles with diameters ranging from 9-20
nm and heights between 50-250 nm have been grown in F|G. 1. SEM images of two arrays. The left one shows part of
square and triangular arrangements onto gold and permallash array of 600 particle¢images size 2.83.5 um?) whereas a
films. The quoted diameters are those of the magnetic coresnall array grown onto a Hall cross okl um is presented on the
of the particlegconsisting of bce iron as revealed by TEM  right (images size 1:X1.5 xm?, one current leg can be recognized
which were surrounded by a carbon coating. The latter reen the top.

a4 8 vy sr s by o
C O B I R B B R AR

-
-
-
.
»
-
-
-
v
L2
B
-

P 2800 st g a0
SevsesPysanssnnts a0

T TR T R
e Q" PR RS ET E Ry Ny
LI I B B A I B B e A
L A R S T O
EP I B BEE Y SRy ey
LR R
IR R B A B R R
EP 2% 6 8 5 0BV OEY g s

0163-1829/2000/63)/0124024)/$15.00 63012402-1 ©2000 The American Physical Society



BRIEF REPORTS PHYSICAL REVIEW B 63 012402

T T — T T T T T : 03

0 ]
031 7=30K ] {25 ™u
1 $=86deg. e &S] — 1% ’E,\jo nm particle
0.2 § 2 = 0.2 _*0? B diameter
01 'S 2 leeg VUt
5o T
E _‘ b nm e -
> 0.0 0w 017 jorhaan . "
0.1 . '
02. ) 0.0 T
e g | 0 50 100 150 200 250 300
] S (K)
B R NS B B B s e
06 -04 02 00 02 04 06 FIG. 3. Temperature dependence of the mean value of the
HOH (T] switching field for arrays of particles of different diameter. Low

temperature T<100 K) values were obtained by Hall magnetom-
FIG. 2. HyStereSiS CUrV@() of a particle arl’a}(mean diameter etry, room temperature values by MFM.
17 nm) for field applied 86° with respect to the particles’ EMD. Fits
account for reversibléfirst and third quadrant,]) and reversible proaches the value predicted for coherent magnetization re-

and irreversible(second and fourth quadranD)) magnetization yersa| in noninteracting smafingle domaii particles inde-
processes. From the “difference,” the irreversible contrlbutlons,pendent of the reversal modfed— 90°

i.e., the anisotropy distribution, can be evaluatink, right axis.
Hgw=Ha(si??9+ cog®9) 3?2 2

was reliable as long as the mean particle switching fielg ) . i
was higher than the field caused by the MFMip40 mT, with HA=2_KS/'JS. Hence, also irreversible processes can be
Ref. 12. For smallerH, the particle magnetization did de- evaluated ifd is close to 90°(but not9=90°, because of
pend on the direction of the tip magnetization ag, could ~ field-demagnetizing effects as discussed ahoWéth this,
only be estimatedFig. 3, 10 nm particles Note that MFM hysteresis curves taken in the first/third and second/fourth
did not show any remanent magnetization of the 9 nm parduadrant could be fitted simultaneoushig. 2, 9=86°). In
ticles. the former only reversible and in the latter both reversible

For our elongated particles with aspect ratios up to 20:1 &nd irreversible processes were taken into account. The rela-
shape anisotropy constaits= (N, —N;)J%2u, (N; and " tive number of particles switching within a certain field in-
N, are the demagnetizatiorsw factioﬂsg, ‘i‘s tshe sopont!aneous terval was determined from the additional change in magne-

polarization as high as 750 kJn? could be expected. Since _tization in the four.th quadrant _compared o the first, taking
magnetocrystalline anisotropy in iron is much smaller, thento_account particle magnetizations _already rever_sed at
. : P r{ower fields and the equilibrium orientation for non-switched
and switched magnetizations from Ed). The result for the
itreversible processes is then related to the anisotréy (

istribution of the particlesFig. 2, line.

(EMD). For fields applied parallel to the EMD switching of
the particle magnetization was observed whereas for field

exactly perpendicular to the EMD only reversible rotation : 2= . e
was expected. An indication for the latter was given by field The average partple swnchmg fieldwhich, for 9=0°,
demagnetization of an array in a perpendicular field: After8duals the coercive fieldl;) for different temperatures are
reducing the field from a sufficiently high value the particles' Presented in Fig. 3. In order to neglect thermal activation

” 0 H :
magnetization could rotate toward either direction of the 2€70" temperature valuegoHy, were estimated and listed
EMD with equal probability leading to zero total array N Table I. These numbers are much smaller than predicted

magnetizatioff. For any arbitrary field anglé® both mecha- for uniform magnetization reversal, and hence our particle

nisms contributed to the total magnetization. magnetizations reversed by inhomogeneous modes. The un-
Reversible magnetization processes can be analyzed Bipually broad distribution oKs found for the 17 nm par-
minimizing the free energy density ticles (Fig. 2) does not influence this conclusion. One likely
f= Kssinz o—JgH cog 9— o) (1) TABLE I. Estimated “zero” temperature switching fields,,,,

the distributionA Hg,,= HT®— H™" of switching fields at 30 K and

with ¢ being the equilibrium orientation of the particle mMag- nean critical volumes,, derived fromH(T) for the different
netization with respect to the EMD. Note that this analysisparticle diameters investigated.

can even be applied for multigrain or interacting particfes.

For the particles in a given array$, was taken to be con- Mean diameted [nm] 9 10 14 17 19
stant whereas a distribution &f5 was assumed in calculat- 5

ing f and, consequently, the total magnetization of the array&oHsw [MT] 242 288 223 165 135
In contrast, irreversible processes can only be analyzed if theoAHsy (30 K) [mT] ~90 80 80 140 120
exact magnetization reversaiodeis known. One example v [nm?®] 210 260 470 720 1200
would be uniform magnetization reversal in extremely small; /42 [nm] 2.6 26 24 25 3.3

particles®® However, the switching fieldHg(9) ap-
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0.1

mode is curling® Here, ad~2 dependence oHS, is 007
expected®: uoHS, =2.16I\2,d 2 where\ .= VoAl Js the ]
exchange length and is the exchange constant. We found 0.0

such a dependence only for the larger partictes,14 nm

: diameter
17 nm -0.14

(cf. Table ) and estimated ¢,.=3.1 nm andA~36 pJm ! in S 01

agreement with Ref. 17. For the smaller particles, the rever- 2

sal mode could be of buckling typé.The 9 nm particles >

may have consisted of more than one grain per particle lead- 024 7 IR i e 2L

ing to reducecHy,. 1 | R S
The rapid decrease oi,(T) (Fig. 3) can obviously not 03] T= 75K, uH=-140 mT . M

be explained by changing material properties only. Hence, 200 1000 2000

thermal fluctuations influencing the magnetization reversal time [s]

pro_cess must be taken,'mo cqn&deraﬁ%?‘ﬁA _phen(_ameno— FIG. 4. Measured time dependence of the total polarization of a
logical model was previously 'ntFOduc’%mat didnotinvoke  hapicle array. The line presents the result of a fit to a logarithmic
the common assumption of uniform magnetization rotationgy, For an extended time rangiset, same array under different
for calculating the energy barrier. This model rather relied oreongitions probabilities for thermally activated reversal have to be
the concept of a critical volume,, within which a nucleus of  ¢onsidered.

reversed magnetization was formed by thermal activation.

The thermal energy must overcome the energy needed for

the formation of a wallthat rated the nucl from the U¢f is the minimum volume required to initiate magnetization
€ formation ot a wallthat separated the nucleus iro € reversal in the particles. The necessary energy for switching
remainder of the particjeand magnetostatic enerdy

the 9 nm particles was provided solely thermally at room

d2 v temperature and the longitudinal relaxation time was
kBTln(t/TO)zay——HJSf v, 3) estimate® to be in the order of 10° s. This time could,
4 Unmin however, be somewhat reduced since the magnetization re-

wherey referred to the wall energy density,accounted for versal 7n21:1y take. place via a c_omplex path n configuration
the number of domain walls formed as well as for shapeSPac€’® The bigger the particles the largeg,. For the
inhomogeneities of the particles amglwas the attempt time Piggest particle17 and 19 nmand with constant timessfor
(~107° s). The thermal energy was estimated within the@ll Hs(T) measurements, the thermal energy at low tem-
critical volume approach considering the sharp peak of its Perature was not sufficient to prowde nuclei Wlt_h sufficient
distribution. For our small particles, the nucleus was asProbability and induce the nucleation/propagation process.

sumed to cover the particles’ cross section. The mean valuEhis may have caused the increased valuesigf(T) for

v Of the critical volume is then related to the measuredthese par_tlcle$F|g. 3. o .
switching field As an independent check of our results magnetic viscosity

experiments were attempted. Here, the array was completely

2 25T magnetized in one direction}=0°. Subsequently the field

= az’w _s (4)  Wwasreversed to a value closeHqg, and held constant while
Qvgds  veds the time dependence of the array’s magnetization was re-

. corded. Special care was taken to detect any drift in the

Temperature and field independenfcan be assumed due to experimental setup. A result of such a measurement is shown

weak temperature dependences of the material properties afifiFig. 4 for 17 nm particles at 75 K. As expected from Eq.

independent experimental findingfs>® The applicability of  (3) a logarithmic dependence of total array magnetization on

this model for the 14 nm particles was supported by compartime was found for arintermediatetime range:J(t)=J(0)

ing Hs, measured for different angled to the predicted — sin(tt’) with Sbeing the magnetic viscosity. This may be

values® Moreover, the concept of this model can favorably ynderstootf by a sufficiently broad spectrurtFig. 2) of

be compared to analytic calculatidisand numerical energy barriers of the particles switchifgbout 14 in the

simulations™® time range shown, the magnetization reversal of individual
Fitting the experimental valued,(T) to Eq.(4) results  particles could not be resolvedUsing different conditions

in almost straight lines shown in Fig. Bhe temperature (inset in Fig. 4, see also Ref. Réhe onset and trail off of

dependence al(T) was taken into accouhtThe obtained thermally activated magnetization reversal was observed.

values ofv, are listed in Table |. Note that,, is mainly  This was to be expected by evaluation of the integral(Bg.

determined by the second term in E¢). The first term is The line was calculated from an exponential law for the

much more difficult to evaluate, especially singecan be switching probabilities. The comparison of field driven and

estimated only roughly. Most remarkably, BroWWmave the thermally activated magnetization reversassuming the

upper volume limit of a superparamagnetic iron sphere to besame barriers have to be overcomygelded an activation

270 nn?, in excellent agreement with our findings: At room volume

temperature, the 10 nm particles were very close to the su-

perparamagnetic limit whereas the 9 nm particles appeared to _kB_T MoXirr 5

be below this limit. This suggests the interpretation that our va= Js S ®

S
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which gave the typical volume involved in a single activationthe critical volume for particles of larger diameter scales to a
process’ The irreversible susceptibility;, was taken from  higher order thard? (v,d® in Ref. 22. Our assumption
magnetization curves}=0. For the conditions of Fig. 4, thatv. covered the particles’ cross section certainly breaks
va~250 nnt. Similar results were obtained in the tempera-down for larger diameters. Hence, other reversal modes
ture range 10-60 K. Considering the different concepts inneeded to be considered, e.g., thermal activation in conjunc-
volved,v 5 andfzcrwere found to be in reasonable agreementtion with curling or other collective process&sin any
Note that our results foo, are somewhat smaller if com- eyent,p,, andv, were much smaller than the particle vol-

pared to Ref. 22, 23 and 30. However, in contrast to thos&me, indicating again that nonuniform magnetization pro-
we investigated an extremely small total magnetic volume ofegses dominated even on a 10 nm scale.

identical particles. Thus interparticle interactions as well as

particle misalignments could be excluded to a large extend
Recently, numerical simulatiofisindicated that the exact

shape of extremely small particlglke sharp cornejsdoes

In conclusion, we studied the reversible and irreversible
magnetization processes of iron particles with diameters
ranging from 9 to 19 nm. Nonuniform magnetization reversal
was found for all diameters. Thermal activation strongly re-

not significantly influence their switching due to the dom".duced the particles’ switching field with increasing tempera-

nance of exchange interactions. Hence, the differences Tre. Magnetic viscosity experiments confirmed a critical

magnetization reversal for different arrays were most IikelyvOlume for thermally activated reversal as derived from a
related to their different particle diameters rather than differ- y

ent mor . : : . I;'l)henomenological model.

phologies as long as multiple grains per particle ca
be excluded. AlthOUgh the above model descr’i\bed well the This work was Supported by the Office of Naval Research
magnetization reversal of our very small particles,(d? in under Grant No. NSF-DMR-0072395 and by the Air Force
Table ) the results for the 19 nm particles may indicate thatunder Grant No. F49620-96-1-0026.
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