View metadata, citation and similar papers at core.ac.uk brought to you by fCORE

provided by RERO DOC Digital Library

Journal of

Magnetization of carbon-coated ferromagnetic nanoclusters
determined by electron holography

S. Seraphify

Department of Materials Science and Engineering, University of Arizona, Tucson, Arizona 85721
C. BeelP

Centre Interdépartemental de Microscopie Electronique, Ecole Polytechnigiigdfe de Lausanne,
CH-1015 Lausanne, Switzerland

J-M. Bonard

Institut de Physique Expérimentale, Ecole Polytechniqidéafede de Lausanne,

CH-1015 Lausanne, Switzerland

J. Jia®

Department of Materials Science and Engineering, University of Arizona, Tucson, Arizona 85721

P.A. Stadelmann

Centre Interdépartemental de Microscopie Electronique, Ecole Polytechniciiedfe de Lausanne,
CH-1015 Lausanne, Switzerland

A. Chételain

Institut de Physique Expérimentale, Ecole Polytechniqudéfede de Lausanne,
CH-1015 Lausanne, Switzerland

(Received 30 November 1998; accepted 2 April 1999)

The magnetic properties of carbon-coated Co and Ni nanoparticles aligned in chains
were determined using transmission electron holography. The measurements of the
phase change of the electron wave due to the magnetization of the sample were
performed. The ratio of remnant magnetization to bulk saturation magneti2dtion,

of Co decreased from 53% to 16% and of Ni decreased from 70% to 30% as the
particle diameter increased from 25 to 90 nm. It was evident that the inhomogenous
magnetic configurations could diminish the stray field of the particles. After being
exposed to a 2-Tesla external magnetic field, MéM, of Co increased by 45% from
the original values with the same dependency on the particle sizeMJh, of Ni
particles, on the other hand, increased only 10%. The increased magnetization could be
attributed to the merging of small domains into larger ones after the exposure to the
external magnetic field. The validity of the interpretation of the holograms was
established by simulation.

[. INTRODUCTION the atoms involved (Heisenberg model). Other models
Ferromagnetism is a collective phenomenon which idequire that the itinerant properties of the electrons are

caused by the mutual interaction of many atoms and theffonsidered (bandstructure model). The reglity lies in_be—
electrons. As a consequence, the size, composition, mfleen both models, dependent on the size and micro-
crostructure, and morphology of a ferromagnetic samplgtructure of the sample.

influence its magnetic properties. Various models have 1Nn€ understanding gained new inputs by the possibil-
been used to interpret different aspects of ferromag'—ty to prepare small clusters of ferromagnetic materials

netism® The interaction can be considered limited toWith less than a thousand atoms and dimensions ap-

nearest neighbors, placing emphasis on the properties 8foaching the nanometérThe number of atoms con-
tained in these clusters is small enough to consider only

a fraction of them belonging to the bulklike core while

the sizable remainder is affected by their closeness to the

PAddress all correspondence to this author. surface. It can be expected that one or the other ferro-
e-mail: seraphin@u.arizona.edu magnetic mechanism is predominantly present in either

P)Present address: Laboratory of Solid State Physics, ETH Zuric ) - .
CH-8093 Zurich. Switzerland. "the core or the surface region. If the fractional contribu-

9Present address: Department of Physics, Portland State Univelion of surface and bulk varies, the corresponding mag-
sity, Portland, OR 97207, U.S.A. netic behavior of the clusters will change. Therefore,
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their magnetic properties will vary with the diameter of A recently developed technique for measuring magne-
the particles and the arrangement of atoms as determingidation of the particles of small dimensions is electron
by the crystal structure. Surface features such as oxiddrolography. The technique allows the measurement of
tion or encapsulation will also change the fractional conthe phase change of an electron wave due to the magne-
tribution of the bulk versus surface regions. tization of the samplé®*>Thin nanowires of ferromag-

The field gained additional input by the discovery of netic materials have been characterized using electron
methods to encapsulate ferromagnetic metals and thefrolography with respect to their domain structure as a
alloys into cages of multilayer graphite® The interestin ~ function of diameter and length-to-diameter rafid.’
these encaged nanoscale magnets was stimulated by th&hme study presented here uses electron holography to
technological promise. Recording technologies in pardetermine the magnetization of spherical carbon-coated
ticular are searching for very fine-grained magnetic ma-Co and Ni particles as a function of their diameters (25 to
terials that could be tailored in their magnetic propertie90 nm). The principles and practical aspects of the elec-
while being resistant to oxidation. It was shown that thetron holography are presented in the following sections.
graphite cages can protect the ferromagnetic core$he limitations of resolution are discussed and simula-
against oxidation during longterm immersion in actds.  tions are presented that support the statements made con-
A second, more fundamental reason was that the limitederning the magnetization of the individual particles.
size and number of atoms in a particle could support
novel physical properties that were not stable in the macy. EXPERIMENTAL PROCEDURES
roscopic bulk. Indeed, crystalline structures of the meta'la\ Preparation of carbon-coated cobalt and
encapsulates were observed in temperature regions that pars
were not representative of the bulk-phase diagram. ForP'CkeI particles
example, carbon-coated Co nanoparticles were found to The carbon-coated nanoparticles were prepared in a
have face-centered-cubic (fcc). phase instead of hexagonanodified arc discharge chamBewith two vertical elec-
close-packed (hcp) which is usually stable in the bulk atrodes facing each other. A graphite rod of 6.5 mm diam-
room temperatur€.The presence and the effect of the eter was located on the top as the cathode. The anode was
tightly confining graphite cage could transform inner car-a graphite crucible with an inner diameter of 25 mm,
bon shells into diamond,to give another particularly filled with either cobalt or nickel. A jet of helium gas at
striking example. a velocity of approximately 30 m/s was introduced in the

It is possible to control the diameter of carbon-coateddirection perpendicular to the electrodes. The arc dis-
nanoparticles of ferromagnetic elements by varying theharge was set at 22V, 175 A in dc current under a
preparation conditions such as the size of the anodibelium pressure of 300 Torr. The deposit was collected
metal pool, the jet flow rate, and the static pressure in th@nd examined in scanning and transmission electron mi-
carbon-arc-based method of preparafign! This raised ~ croscopes (SEM/TEM). It consisted of only spherical
the question of how their magnetic properties were afcarbon-coated metal particles without any tubular or
fected by their size or encapsulation. Several studiesther unwanted structures [Fig. 1(a)]. A typical TEM
were devoted to answering this question. Samples of diffmage shown in Fig. 1(b) reveals that most of the par-
ferent composition, structure, and morphology were preticles are coated with a thin graphite layer (inset). Our
pared, their sizes and composition characterized bgamples consisted of a mixture of completely coated par-
electron microscopy and spectroscopy, and their integrdicles and a fraction of incompletely coated particles.
magnetic properties measured, as a function of tempera- To prepare samples for electron holography, the de-
ture®”1112]t was confirmed that the encapsulated par-posit was dispersed in ethanol and sonicated for 5 min.
ticles were indeed ferromagnets which makes thenThe suspension was spread on a standard TEM grid
interesting from a technological point of view. Although which was covered with a continuous thin film of amor-
several explanations could be cited for the interpretatiofphous carbon without holes. Two sets of samples for
of the results, a decision among them was complicated bgach metal were studied: as deposited and after magne-
a lack of information on the magnetic properties of in-tization in a 2-Tesla magnetic field applied in a direction
dividual particles because only integral magnetic measparallel to the grid plane. Only the chains of particles that
urements were performed up to now on the samples. Thaere parallel to the applied magnetic field were investi-
only report on the magnetic characterization of indi-gated in electron holography on the same day for Ni and
vidual carbon-coated nanoparticles (Co, Ni, Dy) was fo-2 days later for Co. About 15 to 20 chains of each sample
cused on ellipsoidal particles of 15-30 nm longtype were studied.
diameter:® The results were obtained by superconduct-
ing quantum interference magnetometry specially deB: Electron holography
signed for micrometer-size characterization and showed Electron holography is one of the few techniques
that the nanoparticles are of a single-domain characteravailable for measuring the microscopic magnetization.
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FIG. 2. Schematic drawing of the experimental set up for recording
electron holograms of magnetic specimens. For a magnetic sample, the
phase differencé\¢ is proportional to the magnetic flux density B
integrated over an area limited by a reference beam and an object beam
along the direction of the optical axis of the microscope.

ference Ad, between object and reference waves. For a
magnetic field, the phase difference is proportional to the
integral of the magnetic-flux density B over an area be-
tween reference beam and object beam along the direc-
tion of the optical axis of the microscope as displayed in
Fig. 2. In determining the magnetic properties of the
() particles, it will be most useful to obtain the magnetic
FIG. 1. (a) SEM image of Ni particles illustrating the size and the field lines inside the particles. This requires a TEM with
shape of the particles. (b) TEM image of Ni particles showing the 5 additional Lorentz lens to provide the hologram reso-
graphitic coating (inset) lution sufficient to resolve the radius of the partictés.
Alternatively, one can measure the magnetic field outside
The principle is based on the fact that the electron wavéhe particles, i.e., the leakage field. However, the holo-
transmitted through a magnetic sample changes phaggam resolution and the phase sensitivity in our set-up
depending on the sample magnetization and its thicknesésee below) are insufficient to reliably measure the leak-
For spherical particles, the phase change due to thage field of a single isolated particle smaller than 50 nm.
sample thickness will be symmetric around the particleTherefore, we selected particles aligned in linear chains.
center, while the phase change due to the magnetizatiorhe clusters of particles are avoided in our measurement
will be asymmetric across the particle. The phase changeecause the magnetization of individual particles will
can be retrieved from a hologram obtained by overlappartially cancel each other resulting in a reduction of the
ping the wave scattered by the sample with the (partially)Jeakage field. Furthermore, the inner mean potential of
coherent reference wave (Fig. 2). The holograms weréhese small particles is negligible in the phase-change
reconstructed to retrieve both the amplitude and phase oétrieval because of the low resolution of our holograms.
a wave scattered by the sample. The phase image recon-For a chain of nanoparticles, the flux of B through the
structed from the hologram corresponds to the phase dithain itself corresponds to the total flux leaking from the
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chain and can thus be measured as a phase change ibg voltage of 200 kV). To further magnify the final
electron holography. The phase chanyé across the image, the operating voltage of the microscope was re-
chain of the particles is proportional to the total leakageduced to 100 kV because the given lens strength is more

flux of the chain .,,MS). It is given by: effective on the slower electrons. The magnification
amounted to 2800 times on the CCD cam&rd’ The
Ad = (2en/h)uyMS, (1) remnant magnetization of the particles was investigated

by TEM electron holography at 100 kV while their di-
whereS s the cross-sectional area of the partid¥ejts  ameters were measured by conventional TEM at 200 kV.
magnetization, and., is the magnetic field constant In our case, the hologram spatial resolution was around
(4w x 10" Vs/Am). The magnetizatiom which is the 100 nm (which corresponds to 2 or 3 times the interfer-
magnetic moment of the remnant stig can be deter- ence fringe spacing) and the phase resolution was + 0.2
mined when the value cA¢ is measured from the re- radian. To demonstrate that the obtainable resolution is
constructed phase image retrieved from the hologramsufficient to determine the magnetization of the carbon-
while Sis calculated from the diameter of the particle coated nanoparticles of 25 to 90 nm, a series of simula-
measured from a conventional TEM image. We detertions was performed. The interpretation of the phase
minedM, for particles of various diameters. To illustrate maps is supported by these simulations presented below.
the dependence of the magnetization on the particle size,
the M, values were normalized with respect to the bulk-
saturation magnetizatiom], (5.1 x 1¢ A/m for Ni and IIl. RESULTS AND DISCUSSION
1.4 x 1¢ A/m for Co). This is acceptable because the o .
saturation magnetization of the particles is not by itself™ Magnetization of carbon-coated Ni and
dependent on the size of the particles once they are big=C nanoparticles
ger than 20 nm! While the saturation magnetization of  In each type of Ni or Co sample, 15 to 20 holograms
the particles rises strongly for diameters between 5 andere taken. Each phase image reconstructed from a ho-
20 nm, it levels off at 85% of the bulk value once thelogram provided 8 to 12 values of the phase change
particles have a diameter greater than 20 nm, as is théepending on the shape of the chains and the quality of
case in this study. holograms. Overall, about 120 particles in each sample

It should be pointed out that electron holography carnwere analyzed. The particles were classified with respect
detect only the in-plane component of magnetizatiorto their diameters in sections of 5 nm width centered at
along the chain and not the vertical component. How-25, 30, ..., 60 nm for Cease, and the mean magneti-
ever, the fact that the particles arrange themselves in zation of each diameter range was reported. For Ni par-
linear chain indicates that the direction of the magnetizaticles, sections of 10 nm width centered at 35, 45,
tion is along the chain and in the plane of measuremenB85 nm were used.

Furthermore, this procedure usually gives magnetization Figure 3(a) shows an image of a Ni chain; Fig. 3(b) the
values too small if there is partial flux closure inside thereconstructed phase image with three positions labeled 1,
particles as in the case of multiple domain particles. Or2, and 3 where the phase change was measured and plot-
the other hand, it will give too large a value for small ted as shown in Fig. 3(c). The phase changes across the
particles (smaller than 50 nm) that are attached betweechain were measured to be —2.1, —1.6, and 3.9 radian at
two larger particles. The measurement will be more redocation 1, 2, and 3, respectively. At 1, the valueSdh

liable if the adjacent particles have similar size which isEq. (1) was determined using a particle diameter of
usually the case in our measurement. 95 nm. From Eq. (1) wittA¢ = -2.1 rad,M was calcu-

The experimental micrographs were obtained using 4ated to be 1.5 x T0A/m which is about 30% of the bulk
Hitachi HF-2000 FEG equipped with a rotatable electro-saturation magnetization of Ni. The same calculation
static biprism. A negative voltage (=7 to -9 V) was ap-shows that at location 2, the phase change of -1.6 rad
plied to the biprism fiber to superimpose the referenceacross a 70 nm particle corresponds to 2.2 XAMn
wave and the object wave. The width of the interferenc€43% of the bulk saturation magnetization) and at loca-
region depended on the voltage applied to the biprisntion 3, the phase change of +3.9 rad across a 95-nm par-
fiber and was typically 2 to 3 mm. The holograms wereticle has 2.9 x 10A/m (57% of the bulk saturation
recorded using a Gatan retractable slow-scan CCD canmagnetization). Note that the phase changes the sign
era. To study the remnant magnetization state of thérom negative values at locations 1 and 2 to a positive
sample, the objective lens current was switched off. Theralue at location 3. It indicates a reversal of magnetic
specimen had to be imaged with the first intermediatanoment along the chain. Fig. 4 shows another example
lens while the remaining three lenses were fully excitecbf the sign reversal [indicated by arrows in Fig. 4(a)]
to reach the maximum possible magnification in this con-along a chain of Co particles. The direction of these
figuration (1100 times on the CCD camera at an operatmagnetic moments along the chain was found to change
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mostly at locations where particles agglomerate togethereversals of magnetization. Note that the spatial resolu-
Figures 4(b) and 4(c) are the amplitude image and th&on of the hologram can be estimated by comparison
phase image reconstructed from a hologram. Figure 4(d)f the amplitude image, Fig. 4(b) with the TEM
displays four phase-profiles across the chain and threenage, Fig. 4(a).
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FIG. 3. (a) Image of Ni nanopatrticle chains used for holography. (b) Phase map with 1, 2, and 3 indicating the lines along which the phase was
plotted and displayed in (c).
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FIG. 4. (a) Chain of Co particles exhibiting reversals of the magnetization along the chain. Arrows indicate the direction of magnetization. (b)
Amplitude image. (c) Phase image. The reversal of the magnetization is derived from the sign reversal of the phase change across the chain
displayed by profiles in (d).
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Figure 5 shows the relative magnetization of carbon- 1 . T T -
coated Ni nanoparticles as a function of their diameters. —e—as deposited
The plot reveals that in the diameter range of 30to 90 nm g | }\ —a---after exposure to M field] |
the larger the patrticles the lower the magnetization. The :

magnetization of the small particles (30—40 nm diameter)

is 75% + 10%, dropping to 32% + 2% for particles of 80- =

to 90-nm diameter. Compared to the integral value of™~.

30% obtained from the macroscopic measurement of o4t

magnetization by VSM techniquethe results from elec-

tron holography provide more detailed information on 02 |

the magnetization of the particles. After exposure to the

2-Tesla external magnetic field, the magnetization of the

particles increased about 10% with the same dependency 20 30 40 50 60 70

on the particle size. It can be reasoned that the external Diameter (nm)

field mduced, the small domams_ to merge into IargerFIG. 6. Relative magnetizatiol, /M of carbon-coated Co particles

ones, so the internal flux closure is reduced and the leakss a function of particle diameter usivg = 1.4 x 16 A/m. Exposure

age of magnetic flux is increased. to an external magnetic field (2 Tesla) increases the magnetization of
Magnetization of carbon-coated Co nanoparticleghe particles by approximately 45%.

shows the same trend as Ni: the larger the particles the

lower the magnetization (Fig. 6). However, the ratio of

the remnant to bulk saturation magnetization of 8571so have their individual magnetic moments out of the
deposited Co is lower than that of Ni. The highest rela- AgNEtc 1 . .
lane and not along the chain direction. This effect will

tive magnetization obtained in this sample is around 55% P e
6% and the lowest magnetization is 16% + 6%. (It shoulanaduce the detectable phase S.h'ft in the hologr.am because
be noted that the bulk saturation magnetization of Co iéhe electron holography technique can determine only the
1.4 x 16 A/m and of Ni is 5.1 x 16 A/m). This rather in-plane component of the magnetic flux. After being
low magnetization of Co particles may be due to theSXP0Sed t0 the 2-Tesla external magnetic field, the mag-
netization of Co particles increases 45% compared to the

presence of multiple domains even in the smallest par's-deposited particles with a similar dependence on par-

ticles observed, a carbon coating layer and the fcc pha : . 0 N
in which cobalt is present here. The fcc is about 5%s[|cle size. The larger increase (45%) of the magnetization

inferior in its magnetic property at room temperature toafter exposure to the external field in Co compared to

the bulk hcp phase in Co. The decrease of magnetizatio?]nIy 10% n N.' can be Fe'ated to an observed_ higher
efect density in Co particles. Because Co particles are

in larger particles may be due to the flux closure betweelf

domains inside the bigger particles. Consequently, th cC, :nost deflects”areh IikeI;;] to be(fstacking flaults which
. . . ' .1~ results in a locally hcp phase (for example, intrinsic
outside magnetic leakage is reduced. Large particles ma facking fault ABCABABCABC or extrinsic stacking

fault ABCBABCABC). These defects in as-deposited
particles cause pinning of opposite magnetic spins result-

1 , . . . . ing in multiple domain particles. Obviously, the 2-Tesla
—e_as deposited external field was strong enough to align the magnetic
os b B —a---after exposure to M field | | spin across the defects and reduced the domain bound-
aries. This effect lasted at least 2 days judging from the
06 | time of the exposure to the time of the holography analysis.
E(ﬂ .
2 o4t ] B. Interpretation of phase maps
o2 | i To understand the influence of the limited spatial reso-
' Ni lution on the reconstructed phase maps, a series of simu-
lations has been performed. They address basically three
0 1 1 1 1 1 . .
30 20 50 60 20 a0 g0 different aspects of the measurements. First, we show

Diameter (nm) that the evaluation of the magnetization from an external
FIG. 5. Relative magnetizatiokl,/ M of carbon-coated Ni particles Igak_age field is meanmgfu.l to the extent that.the magne-
as a function of particle diameter usiMy = 5.1 x 16 A/m. Exposure  tization can be expressed in the form of the dipole arrows
to an external magnetic field (2 Tesla) increases the magnetization gshown in Fig. 4(a), independent of the size of the par-
the particles by approximately 10%. ticles and the possible presence of multiple magnetic
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domains inside the particle. Second, the inversion of theontinuity line in the corresponding reconstructed
direction of magnetization is directly observable. Third,phase map [Fig. 7(g)] is not a closed loop and thus, does
the limited resolution of the holograms does not interferenot allow a correct unwrapping of the phase information
with an accurate statement about the phase shift due {@e., without the help of further knowledge on the physi-
the magnetic flux. The following simulations will sub- cal nature of the specimen). Nevertheless, the total phase
stantiate all three claims. The simulations were carriedthange across the particle can be measured with a phase
out by Mathematica and HoloWorkssoftware. Math-  profile [Fig. 7(h)]. The measured value of 6.8 + 0.2 rad is
ematica was used to stimulate the phase maps whiateasonably close to the value obtained in Fig. 7(e) and
were subsequently used to calculate with HoloWorks a&ompares well with the original value. However, the
set of holograms with different spatial-resolution values. measurement uncertainty is slightly larger than in the
In the simulation of the electron holograms the influencecase of the profile in Fig. 7(e).
of a perturbed reference wave due to the far field (leak- These examples have shown that a low spatial resolu-
age field) of the magnetic sample was taken into accountion of the electron hologram leads to phase maps with
The reconstruction of these holograms will be presentedertain artifacts, especially if the phase changes more
in the following paragraphs. than 2r over a short distance. The measurement of the
Real magnetic (monodomain) particles have a far fieldotal phase change is nevertheless possible if care is
similar to a dipole field, however, the field variations taken to correctly interpret them2discontinuity. Gener-
near the particle or across the particle differ significantlyally, the phase maps with low spatial resolution lead to a
from a dipole field, i.e., it does not have the mathemat+educed sensitivity of the phase measurement. However,
ical discontinuity across the dipole line. Figure 7(a)the present simulations indicate that the conditions used
presents the ideal phase map of a small cylindrical parin our experiments still allow a reasonable measurement
ticle with 150 nm in length and 60 nm in diameter, which accuracy.
is comparable to a segment of our nanopatrticle chains. A The orientation of the magnetization along the chain of
magnetization corresponding to 1.3 X*¥'m (approxi- particles has been found to change direction (shown in
mately the bulk value of cobalt) has been assumed. ThEigs. 3 and 4). In the following simulation, we illustrate
corresponding phase profile across the particle is showthat the observation of the reversal of magnetization di-
in Fig. 7(b). The phase varies continuously across theection along the chain is straightforward. In Fig. 8(a),
particle without any abrupt phase changes and revealstawo identical magnetic segments with opposite magneti-
total phase shift of 7 rad. A simulated hologram with zation direction are presented in an ideal phase map. The
high resolution [Fig. 7(c)], i.e., with fine interference opposite direction of the magnetization can be recog-
fringes of 9 nm distance, provides a reconstructed phasgized by the opposite side of the bright contrast with
map which correctly represents the continuous-phaseespect to the magnetic dipoles. In this simulation, each
change across the particle. Because the total phase changagnetic segment is 150 nm long, 60 nm in diameter,
across the particle exceeds,zhe phase is “wrapped” in and the magnetization is 5.5 x318/m (slightly larger
the reconstructed phase map [Fig. 7(d)], which representhan the bulk value for nickel). This results in a total
the phase in the interval frommto w. The closed dis- phase change of 3 rad across the magnetic segment. The
continuity line which bounds the kidney-shaped, blackcorresponding hologram [Fig. 8(b)] has been simulated
region in Fig. 7(d) corresponds to arliscontinuity  with an interference fringe spacing of 34 nm. The inter-
line. This phase map, therefore, can easily be “unference lines are shifted in opposite directions because of
wrapped” by adding & to all the data points inside the the opposite magnetization direction of the segments. Be-
black region bounded by the discontinuity line to recon-cause the shift can be very weak in experimental holo-
struct the physical-phase information. The phase profilggrams this cannot be observed as easily as in the
[Fig. 7(e)] across the particle shows am2nd a +2r  presented simulations. The reversal of the magnetization
phase discontinuity when crossing the #iscontinuity  direction is, however, revealed in the reconstructed phase
line. Nevertheless, the close correspondence to the origimap [Fig. 8(c)], because the basic pattern of Fig. 8(a) is
nal-phase profile in Fig. 7(b) can be recognized. By add<¢learly recovered. The phase profiles across the two seg-
ing 2w to the part between the twom2phase ments are presented in Figs. 8(d) and 8(e), respectively.
discontinuities, a total phase change of 6.8 = 0.1 rad calVhile the phase profile in Fig. 8(d) displays a phase
be measured from this profile. change from approximately +1.5 to —1.5 rad, the phase
In contrast, the hologram presented in Fig. 7(f) has lowprofile in Fig. 8(e) gives the opposite phase change. This
spatial resolution (interference fringe spacing of 34 nm)is another clear indication that the direction of the mag-
The interference fringes running across the particle areetization is opposite for these two segments. It is shown
strongly bent, because the magnetic flux enclosed behat the reversal of magnetization is an obvious observa-
tween two adjacent fringes is much larger than in the casBon against any possible artifact caused by the experi-
of the fine interference fringes of Fig. 7(c). Ther 2lis- mental set-up or conditions.
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FIG. 7. (a) Ideal phase map of a small cylindrical particle with 150 nm in length, 60 nm in diameter, and a magnetization of%43nmx 10

(b) The phase profile across the particle showing the continuous phase change with a total shift of 7 rad. (c) Simulated hologram with high spatial
resolution of 9 nm interference fringe spacing. (d) Reconstructed phase map showintise@tinuity line surrounding the kidney-shaped black
region. (e) Phase profile across the particle. By addinga2he part between the twarhase discontinuities a total phase change of 6.8 + 0.1 rad

can be measured. (f) Simulated hologram with low resolution of 35 nm interference fringe spacing. (g) Reconstructed phase map showing a 2
discontinuity line that is not a closed loop. (h) Phase profile across the particle revealing a total phase shift of 6.8 + 0.2 rad. All figures have the
same scale as Fig. 7(a).
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FIG. 8. (a) Ideal phase map of two identical magnetic segments with opposite magnetization direction. Each magnetic segment is 150 nm long,
60 nm in diameter, and the magnetization is 5.5 XA0n. (b) Simulated hologram with an interference fringe spacing of 34 nm. The interference

lines are shifted in opposite directions because of the opposite magnetization direction of the segments. (¢c) Reconstructed phase map. (d) and (e)
The phase profiles across the two segments. While the phase profile in Fig. 8(d) displays a phase change of -3 rad, the phase profile in Fig. 8(e)
gives the opposite phase change of +3 rad.

IV. CONCLUSIONS zation. Itis speculated that the increased magnetization is
The observations reported above lead to the foIIowinggue to the merging of do_malns Into Iarger ones. Differ-
nces between Co and Ni can be explained by the greater

conclusions: tendency of Co nanoparticles to contain stacking faults
1) Electron holography by transmissions electron . . S
(1) drapny by _(3) Above a particle diameter of 25 nm, the relative

microscopy can be used to determine the remnant ma o
Ry agnetization decreases from 53% to 16% of the bulk

netization of individual carbon-coated nanoparticles o ; ; S
Co and Ni attached to each other in chains. The magné’-alue in Co as the size of the particle increases to 70 nm.

tization of the sample is observed through the phasg_orresponding_ values for Ni are 70% and 30% for the
change of the electron wave transmitted through thﬂ)lameter ranging from 30 to 90 nm._The tendency_ to
sample. Simulations of the phase maps show that th M muIUdomaln structures resultl_ng in flux closur_e In-
conditions used in the experiments allow a reasonablé'de the bigger particles may provide an explanation.
measurement accuracy.

(2) The direction of magnetization is usually along the
chain. Changes in the magnetic direction can be derive@CKNOWLEDGMENTS
by the reversal of a positive to a negative change of the We acknowledge the financial support of the U.S. Na-
electron-wave phase. Polarization of the particle chainsonal Science Foundation (Grant No. DMR 9302353),
caused by exposure to a strong external magnetic fielthe Swiss National Science Foundation, and the Ecole
results in an increase of the observed remnant magnetRolytechnique Fagrale de Lausanne, Switzerland.
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