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Thickness dependence of magnetic blocking in granular thin films
with interacting magnetic particles

Jian-Qing Wang®
Department of Physics, State University of New York, Binghamton, New York 13902

Zhi-Dong Zhao and Scott. L. Whittenburg
Advanced Materials Research Institute, University of New Orleans, New Orleans, Louisiana 70148

(Received 3 December 2002; accepted 10 March 2003

Interparticle interaction among single domain nanosize magnetic particles embedded in
nonmagnetic matrix was studied. Attention was paid to concentrated Cu—Co granular thin films with
a fixed magnetic volume fractiof20%). By analyzing theoretical models and comparing with
experimental results, a dimensional constraint on the magnetic properties was found. As the film
thickness reduces toward the thin limit the interparticle interaction plays important roles in
modifying the magnetic behavior. The dipolar interaction energy was calculated among magnetic
particles including far-neighbor interaction for films with different thickness values. When
magnetization variation is included in the calculation, the resulting calculated interaction energy
versus film thickness shows remarkable agreement with the variation of experimental observed peak
temperature derived from magnetic blocking curves. 2@03 American Institute of Physics.
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I. INTRODUCTION materials with concentrated magnetic particles the magneto-

£ th in chall in th ¢ inf _static interaction is not negligible and, thus, could contribute
One of the main challenges in the era of information, 4 - interaction energy.

technology is the miniaturization of magnetic data bits into

. . ) 2 It is in this context we focus attention on the effects of
the nanoregime without losing stability of the stored

inf ionl2 Thi ) q i X .-~ 'magnetostatic interactions on magnetic blocking in granular
information:“ This requires understanding interaction magnetic thin films. The model system is a series of

mech(_;mlgsm_s between magnetic p_artcheS and developm@usoc()zo granular thin films with a fixed volume fraction of
mater_lal with more stable magnetic states at redL_Jced dI-CO of 20%. The system variation was realized by changing
mensions. Thus, there has been extensive recent interest 40, siim thickness over a wide range from 7 to 400 nm. We

better understanding magnetic properties of heterogeneous gieq magnetic dipole interactions among Co magnetic
materials with high concentrations of magnetic nanoparyaicies as the film thickness was varied. In this work, we

t|c|es.h i ; . bility is related to th report agreement obtained between the calculated dipole—
The main source of magnetic instability is related to t edipole interaction energy and the experimentally observed

superparamggnehsm at the amb|ent telmperatu're. The SUPGhriation of magnetic blocking temperature versus the film

paramagnetic phenomenon is associated with the Welltﬂnickness over the range of thickness studied.

known features in the dc susceptibility of systems with single

domain magnetic particles, exhibiting a broad peak versus

temperature. This phenomenon is a result of freezing ma |. THICKNESS DEPENDENCE OF MAGNETIC

netic moments below a characteristic temperafligg,called ROPERTIES: EXPERIMENT

the blocking temperatu®> Above the blocking temperature First, we briefly summarize the main experimental re-

thermal agitation overcomes the energy barriers pinning theults. Certain details were presented in a previous Ritter.

magnetic moments, resulting a loss of magnetic memory. BeGranular thin films of CgCo,, with nominal 20% Co were

low Tg, the energy of thermal excitations is too low to over- consistently deposited on Si substrates by magnetron sputter-

come energy barriers to rotate the magnetic moments of uing in a high vacuum system. Constant magnetic composi-

trafine particles within the characteristic time of thetion and deposition conditions were maintained to achieve

measurement. similar microstructure. A series of such films was deposited
The mechanisms for magnetic blocking are manifolds inwith different film thickness values and they were measured

a heterogeneous system, because there are different magnéte their magnetic characteristics to study the thickness de-

interactions that make blocking barriers for the magnetic mopendence of magnetic properties.

ments of ultrafine particles. There are magnetic anisotropies Microstructure characterizations were done on these

that are always present in magnetic materials, including sizeyranular thin films using transmission electron microscopy

shape, stress, and crystalline anisotropy. In heterogeneo¢seEM) and x-ray diffraction. It was found from TEM cross-

section imaginary analysis that the granular films are con-

dAuthor to whom correspondence should be addressed; electronic maifinuous with smooth surfaces even down to the thinnest films

jgwang@binghamton.edu studied (7 nm), as shown in Fig. 1 by TEM cross-section
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FIG. 2. The dependencies of ZFC and FC susceptibilities on the temperature
for Co,oCug films with different thickness valuega) t=400 nm andb) t
=25nm. Inset: The thickness dependence of the peak temperature of the

FIG. 1. Cross-sectional images of two granular films, with two different j ., in0 curves vs film thickness for a series of g2, granular films.
thickness values in very thin limit, show that the films are smooth and

continuous.

blocking temperature,Tg, is the minimum temperature
images for two thinner GCo,, films. Thus, it is unlikely —above that the single domain particles become superpara-
that any observed magnetic effects and the related thicknessagnetic, and the ZFC and FC susceptibility coincide with
dependence are due to surface roughness. Such rougheresth other abovég.

surfaces may induce ecoupling which may create oppo- The first important fact to notice is that the blocking
site magnetic poles adjacent to each other that affects themperature for the thicker film is relatively high at 190 K.
magnetic properties. This is substantially higher than in most of the granular films

The magnetic microstructure was determined by measuistudied so far. The relatively high,, is unusual for as de-
ing the magnetic propertigsuperparamagnetism or Curie— posited films with ultrafine particles. Blocking temperature is
Wise behavior to derive the size of magnetic clustefmr  directly proportional to the energy barrier for the magnetic
particleg. It was found that the average particle size of Comoment of the particles to overcome by thermal agitation
particles was approximately 3 nm and was nearly constarieading to superparamagnetism. Conventional analysig,of
with film thickness® The magnetic measurements were donegenerally considers contributions only from anisotropy
in a superconducting quantum interference device magnet@nergy>’ It is apparent that such high values B, cannot
meter(Quantum Designhin a wide temperature randdom  be accounted for using only anisotropy consideration. Ac-
4.2 to 400 K and field rangdfrom —50 to +500e€). Mag- cording to conventional theorylgz is proportional to the
netization hysterisis loops were measured at various tenproduct of anisotropy constar, and the particle volume,
peratures in a sweeping field betweeb0 to +50 Oe. Zero- V, as Tg=KV/30kg, wherekg is the Boltzmann constant.
field cooled (ZFC) and field-cooled (FC) magnetic From the known valude of K for the bulk Co, 2.7
susceptibilities were measured versus temperature. The sug-10° erg/cn?, and the measured Co particle size, 2.8 nm,
ceptibility measurements were done in a small magnetic fielthe estimated g is only about 7 K, in rough agreement with
(typically 50 O@ to obtain strong enough magnetic signal the measured valde~20K for a powder sample composed
and yet small enough that the measured susceptibility isf loosely bound Co nanoparticles. Thus, another interaction
within the linear region versus the magnetic field. has to be considered to account for the hig in these

Representative results of measured dc ZFC and FC susamples. Interparticle interaction plays a crucial role in en-
ceptibility curves are presented in Fig(@so shown in Ref. hancing the magnetic firmness and, thus, is an obvious can-
6), for films with two different thickness values, demonstrat-didate.
ing typical behavior of superparamagnetism and magnetic A second interesting feature in these samples is That
blocking with a broad peak at some characteristic temperas very different for the thicker and thinner films. In fact,
ture Ty, , very close to the blocking temperature. In fact, for below 100 nm the observed,, monotonically decreases
the thicker films, Ty, coincides withTg. By definition, the  with decreasing temperature, as shown in the inset of Fig.
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2(b) where we plot the dependenceTf; on the film thick-

ness. We observe a dramatic reductioff gfwith decreasing 30 at e center

thickness,t, of the granular films. The peak temperature , . gverage

changes by almost two orders of magnitude in a wide thick- 5‘40 .5 \ \

ness range between 7 and 100 nm, which shows that the ‘& \‘\ :

interaction causing the finite size effect is long range in na- =30 | Energy vs. position

ture. It is plausible that interparticle interactions are respon- £ -: 1 l

sible for and manifested in the thickness dependenck,of 0 - at the edge

as well. The influence of the thickness on the interaction k] : é

energy in a granular film with interacting particles can be 10 5 : : ;

qualitatively understood, because the number of neighboring ©© :  :8=50nmand spherical particles.

interacting particles for particles in specific locations in the 01— T T T T

films decreases with decreasing thickness. 0 100 200 300 400
Among long-range effects dipole—dipole interaction is Thickness (nm)

the dominant contribution, although other interactions may

contribute. For example, the Ruderman—KitI(é(asuye)— FIG. 3. Calculated dipolar interaction energgy,, at various locations for

. . . . P - films of different thickness values. Each line with a particular symbol rep-
Yosida interaction responsible for the exchange coupling Irgresents an energy curve across a particular film with a thickness value at the

Co/Cu multilayers is likely to exist in Cu—Co granular sys- end of that curve. Also shown are the interaction ener@fésker curvesat
tem. However, due to arbitrary shape and three-dimensionale edge and center, and the average energy as a function of film thickness,

randomness of the particles, the strength of the interactiofgspectively.
should be drastically reduced compared to multilayer films.
This indicates that, to a large extend, the observed thickness

dependence of magnetic blocking is due to dimensional coni¢ radius 6, corresponding to the distance between nearest
straint on the interparticle interactions. In fact, further de'neighbors;5’=\/(_52—_r25for r<é. In fact, the discrete na-
tailed model analysis, as shown later, demonstrates that thgre of the magnetic particles is reflected by such a void in
magnetic dipole—dipole interaction is responsible for thewg integration, beyond which the magnetic particle distribu-
high Ty values and for the thickness dependence of thgjq is treated as continuous. In the cylindrical coordinziee
blocking temperature. related to the thickness, and cose is a function ofr and{:
cosa=r/(r’+ ).
lll. MODEL ANALYSIS The upper limit,r ., in the integration in the film plan,
Quantitative evaluation of the energy barrigr,, ona a0 be understood as some realistic physical constraints or
magnetic particle by dipolar interactions of the neighboringtyPical domain size formed by magnetic particles. The exis-

particles can be calculated using the following relation ad€Nce Of magnetic do.malizns in granular films was demon-
previously proposedf strated by recent studiés?Even though single domain and

nanosized ferromagnetic particles are physically separated
from each other, through certain interactions, magnetic par-
ticles form ferromagnetic domains with typical domain sizes
of about 100—140 nm. Thus, one expects that beyond such
length scale dipolar interactions diminish with distance and
can be neglected. The estimated dipolar interaction strength
Yvithin such a domain provides sufficient energy correspond-
ing to aTy, value of about 100 K.
Results of integration using the above simple model are
resented in Fig. 3 for energy variation distributed across the
ranular films with different thickness values. The calculated

Va

kBT>’ i=1,23...

En=M2VY, nibiL( M2
|

wheren;’s are the numbers of thigh nearest neighbors of the
interacting particles with magnetizatio. The coefficients,
a;’s andb;’s, are comparable to each other, and are given b
the formulaa;=V(3cog ai—l)/di?’; they are dependent on
the distancesl;’s and the position angles;’s between par-
ticles. The Langevin functionl,.(x), demonstrates that the
magnetic particles are in superparamagnetic state and cont

butions from other interacting sources are negligible. average energythick solid line, with 5=5 nm) indicates

To fapﬂnatg calcula.tlon, th? ear!ler summatlons over dls"[hat around 100 nm the energy barrier related to dipolar in-
crete neighboring particles with different distances can beteraction begins to decrease, first gradually and then more

converted into integrations with continuous space Variablesdramatically, which could account for the experimental
For example, at the center of a film Wi_th athicknes_s valpe, trends. However, the detailed shape of the energy curves
interaction energy can be expressed in the following form: does not exactly match the experimentally observed variation
U2 (Tmax s t/2 s of blocking temperature. The decrease in the experimentally
_UZL + +f ) ’ f } observedr,, is more abrupt below 100 nm, following almost

linear decreasing behavior, while the calculated energy curve
r(3cog a—1) | M?v?3cog a—1) is more gradual at the beginning. Nonetheless, the calculated
X N K N g energy curves all approach zero taapproaches zero, cor-

(r°+2%) eT(r"+29 rectly predicting the experimental observation.

where(p) represents the mean density of magnetic particles  Upon further examination of the experimental results,
and the integration excludes a small sphere with characterisve found that the spontaneous magnetizatidr, of these

En=M2V*(p)2m

!

—t/2
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30 . teraction energy curve and the observggl as a function of
Model fit result thickness, as shown in Fig. 4. In Fig. 4, tBg, curve on the
25 including correction edge of the granular films is compared with the measured
F 2 3 Ty, showing an excellent agreement over the whole thick-
5 ness range studied. The reason for using the dgjgefor
-g’ 18 comparison is due to the fact th&f; measures the minimal
= energy barrier for blocking of the magnetic moments of the
K 10 particles, and at the edges of the film the interaction energy is
the lowest.
5
0 IV. CONCLUSIONS
0 50 100 150 200 250 300 350 400 Interparticle interaction among single domain nanosize
Thickness (nm) magnetic particles embedded in nonmagnetic matrix was

studied for CygyCo,, granular thin films. By analyzing theo-
FIG. 4. Comparison of the measured peak temperalyye, vs film thick- retical models and Comparing with experimental results, we

ness with the calculated dipolar interactid,, corrected for the variation . : - . - . )
of spontaneous magnetizatiod,s. The model calculated energy uses the found that the interparticle dipolar interaction plays impor

edge energy curve with the assumption that magnetic blocking reflects thENt roles in mOdifyi'_"g magnetic behaVi(?r and 'magnetic
lowest energy barrier. Inset: measundg, vs film thickness. blocking. The calculation revealed that the interaction energy

varies across the film from edge to edge and it is strongly
lar films d I | ‘ dependent on film thickness. Good quantitative agreement of
granular films does not maintain a constant value as a funGyq c4jcylated energy curve with the experimental blocking

tion of film thickness. The variation d¥ls is shown inthe oo 0y gerived from magnetic blocking curve was achieved
inset of Fig. 4, showing thgt the value M starts to de- after taking the magnetization variation into account.
crease below 100 nm and it reaches about half the value for
the thicker films in the thin limit. This indicates that for AckNOWLEDGMENTS
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