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Magnetic force microscopy study of electron-beam-patterned soft permalloy particles:
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Electron-beam-patterned submicron permalloy elements with different aspect ratios were studied by mag-
netic force microscopyMFM). The MFM tip stray field can be used to control a particle’s magnetic state. By
suitably choosing the operating mode and tip coatings, the tip induced distortion of the magnetic structure of
soft permalloy elements can be largely reduced. The particle switching field can be precisely obtained by
operating MFM at remanence. Through studying the remanent magnetization behavior, it was revealed that for
large aspect ratio elements-@:1) magnetization reversal occurs directly from one single domain state to the
reversed single domain state, while for medium aspect ratio elemeisl() the nagnetization reversal
occurs in a two-step process with two characteristic switching fields. Initially single domain particles switch
into a low moment statévortex statg at the first fieldHg, while at the higher fieldH ,, the magnetic moments
form a reversed single domain state. The forming of the low moment state is due to the fact that the vortex
states can be trapped in the elements during magnetization reversal. This is consistent with micromagnetic
simulations and can be directly demonstrated by controlled local MFM tip induced switching. The variations in
the measured distribution of the switching fields for both large and small aspect ratio particle arrays are
attributed to different reversal mechanisms as well as individual difference in size, thickness, and edge rough-
ness.

DOI: 10.1103/PhysRevB.66.024423 PACS nuniber75.60.Jk, 68.37.Rt, 75.7ba, 07.79.Pk

[. INTRODUCTION ticles, with small width, the shape anisotropy dominates and
forces the magnetic moments to lie along the long axes of the
Patterned magnetic elements are currently widely studieélements. Relevant issues related to the reversal characteris-
due to fundamental issues and their potential practical applitics of such particles are the formation of binary states, the
cation in ultrahigh density storage and magnetoresistive rarisniformity as well as the reproducibility of switching fields.
dom access memofty® Experimental investigation of small As the element size is still much bigger than the exchange
magnetic elements are crucial tests of micromagnetic coddsngth of the magnetic material, trapping of domain walls
and lead to a better understanding of their magnetizatioand the formation of vortices can make the reversal behavior
reversal behavior. Due to its high spatial resolution and higfill defined*?In the second part of this paper, we will study
sensitivity, magnetic force microscop§lFM) is an ideal a series of arrays of particles with different aspect ratios. We
tool to study the magnetic structures and magnetization restudy the switching mechanism and determine the switching
versal of submicron magnetsFurthermore, by choosing field distributions. We found vortex formation not only ap-
large area scans, MFM can also be used to characterize tipears in the reversal of small aspect ratio particles, but also
ensemble magnetization behavior within the presence of exor particles with an aspect ratio as large as 4:1 with width of
ternal magnetic field¥ However, it is challenging to obtain 200 nm, and lead to a broad switching field distribution.
nondistorted images by MFM due to the mutual interaction
of the MFM tip with a magnetic sample. The situation is at
its worst when using large moment tigkeading to large Il. EXPERIMENTAL TECHNIQUES
signal$ to study soft magnetic materialsin the first part of
this paper, we will discuss how to minimize the MFM tip’s
stray field induced irreversible distortion of the particle’s Elliptical permalloy submicron elements with different as-
magnetic state and present a method allowing the systematpect ratios from 1:1 to 10:1, with widths of 100, 150, and
determination of a particle’s switching field from MFM im- 200 nm, and nominal thickness of 30 nm, were prepared by
ages. standard e-beam lithography, e-beam deposition, and liftoff
Recent studies show that the material, size, and shape téchniques? The hysteresis loop of unpatterned film shows
the particles have a strong influence on the particle magnetite coercivity is less than 3 Oe. Figure 1 shows scanning
state and reversal behaviof For elongated rectangular par- electron microscopySEM) images of two typical arrays.

A. Sample preparation
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FIG. 1. SEM images of two typical permalloy arrays.

B. Magnetic characterization 200 400 600 800

MFM images were taken in tapping/lift mod&constant r (nm)

frequency Shiﬂ mpdé‘f‘ and co_nsta_nt height mode, with dif- FIG. 2. Calculated tip stray field of a low moment tip as a
ferent magnetlc tips. In tapping/lift mode, topography andfunction of lateral distance and at differentz, indicated in the
magnetic contrast can be well separated. The sample t0p091'set; solid line:z=100 nm, dashed linez=50 nm, dash dot dot
raphy is obtained in the tapping part of the scan, where thgna: =20 nm. Tip: 30 nm CoPtCr.

cantilever oscillation amplitude reduction is maintained con-

stant by a feedback loop. Magnetic contrast is subsequent|

obtained in the lift mode by monitoring the cantilever’s fre- electron tomograph}f and electron holograpHy. The tip
quency or phase Sh.'ft upon rescanning the previously mea§tray field can also be obtained by quantitative calibrated
sured topography W'th.a user controlled helght (_)ffse_t. In th'?\/IFM.ZO It turns out that simple model calculations give a
constant frequency shift mode a feedback circuit adjusts th?easonable estimate of the tip stray field&.In our model

tip—sample separation in order to keep the cantilever resoéalculation, we assume the tip has conical geometry. The

2:ngr:rc:ilélegsc?’niﬁ?:ﬁgg;t ;SS ;hggevnoﬁigg;?sslg:ﬂélPqign?i'g%one half angles of the silicon tip before and after coating are
b ’ 9 y app oth 17°. The radius of the silicon tip, is 10 nm, while the

:gr::j Z?gplse tltr:eotrge(; troa S;abg:?fzr;r:]iefgeg;%vd;g; gitl;str radius of the coated tip is assumed to be half of the total of
rays, pograpny . . atﬁ?e silicon tip radius and the coating thickness. The tip is
and particles can lead to a strong convolution of magnetism

with topography. In the constant height mode, instead 0]magnetized along thedirection in a field of 1 T, and the tip

tracking the sample surface, the tip scans across the surfa(r:%oment Is assumed to be aligned along 2fais. The satu-
9 P ' P ration magnetization of the coating material is 450, 800,

at a predetermined height while the cantilever frequency, 000 emulcr for CoPtCr, NiFe and NiCo, respectively

shift is monitored. Unavoidable sample tilt is compensated-. > g ical le of th lculated Fold
by tilt correction hardware. By applying a suitable voltage igure 2 gives a typical example of the calculated stray fie
of a 30-nm CoPtCr coated tip at various tip—sample separa-

between the tip and sam ically less than 100 mV, al- | . .

though it varier) dependin%molrr)] theytip sharpness and the mgp ns (Z.) and different Iat_eral d|§tances)( As expected, the

terial differencey the electrostatic force due to contact po- ster?gtef:;agjt ?jliziaentcoe;hgf gpf:\zdte'ﬁ:g?i{:ﬁgﬁﬁgﬂgiﬁéﬁ?

tential differences between tip and sample can be minimized, ) o . .

In this mode. we found that the interaction force is domi- ated stra)_/ field and decay charactgrlstlcs are consistent with
' the experimental dafd.We would like to point out a less

nated by the magnetic contribution even for tip—sample : . . : :
separations as small as 20 nm. appreciated fact: the radial component is also substantial and

The force sensors used for the MFM images presented (20 00 SRR 80 8 0 ot
this paper are thin film coated nanosensor silicon cantilevers, ’ P

1 .
The silicon cantilevers have a typical spring constant of Can thus be larger than tzeomponent In Table 1, a list of

N/m, resonance frequency of 70 kHz, and quality factor of FM tips used in our experiments as well as characteristic
P _5 . field strengths and widths are presented.

150 in air and 40 000 at L:010' ® Torr. The tips were sput- Magnetic tips can lead to substantial distortion of soft

ter coated with films of NiCo, NiFe, and CoPtCr of varying g b

thicknesses, and subsequently magnetized along their axt@agnetlc samples. The distortion includes local magnetiza-

; oT e ion of the samplé? reversible domain wall displaceméfit,
prior to imaging. To study the magnetization reversal, an

in-planein situ calibrated electromagnet was u$edhich _ _ _ o
can apply to fields up to 1000 Oe. TABLE I. A list of tip's stray field and field distribution for

some tips used in the experimentzat 20 nm.

It)(cated techniques, such as micro-Hall sensbrkprentz

Ill. EXPERIMENTAL RESULTS AND DISCUSSION

Tip coating CoPtCr CoPtCr CoPtCr NiFe
A. Techniques Thickness(nm) 15 30 50 60
There is an unavoidable mutual interaction leading to poz stray field(Oe) 280 360 460 900
tential distortions between an MFM tip and sample magnez half width at half maximum(nm) 60 100 130 150
tization during imaging. It is therefore very crucial to char- r stray field(Oe) 60 120 160 320
acterize the tip stray field and its spatial distribution. width (nm) 240 280 400 420

Recently, the tip’s stray field has been quantified by sophis
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FIG. 3. (a—(c) Three consecutive scans of the same 500 nm
X200 nm particle; The tip is a 60-nm permalloy coated probe, and
the images are acquired in air using the tapping/lift mode with a lift
height of 80 nm on a DI Multimode Nanoscope.

and irreversible domain wall displaceméftDespite these
issues, MFM has still been successfully used to study soft
magnetic domain structures, such as those in iron whiskers
or garnets by choosing proper magnetic tip& This is due

to the fact that the tip stray field is very local, and it cannot
globally change the domain pattern. Minimization of the to- £G4, MFM images of particle array with particle size of

tal magnetic energy of the sample will restore the domairsog nmx 150 nm. Tip: 15-nm CoPtCr; Tip—sample separation: 30
wall to its original position. This is in contrast to the situation nm: in vacuum.

when studying nanoparticles, where the local tip stray field
can extend over the entire particle volume. If the particle has, . . .
a low switching field, tip induced magnetization reversal canflO" réversal in the constant height mode, which shows up as
easily occur. This effect is extremely serious when the MFM2 discontinuity in the scan line. This is in contrast to the
is operated in tapping/lift mode, due to the fact that the tip i@PPing/lift operation mode, where in many cases only a
extremely close to the particle while acquiring topographyChange in the scan angle provides indications of irreversible
data. A typical tip induced magnetization reversal is showrfip—sample interaction effects. Note that in  tapping/ift
in Fig. 3. Figures 8)—3(c) show three consecutive scans mode the low moment tip can still apply a substantial mag-
along a particle long axis. The first image showing bipolarnetic field to the particle while acquiring topography. A sec-
contrasts indicates that the nanoparticle is in a single domaiand benefit of constant height imaging is the potential in-
state. The second scan shows that the particle has a douldeease in signal to nois@o extra noise contribution by the
domain like structure. Close inspection of the data shows$eedback contrgland the increased possible scan speeds.
that the contrast changed during a single scan line, indicatinginally, the observed contrast in constant height mode allows
that the tip stray field reversed the particle’s moment. Thea straightforward comparison with simulation, since each im-
third image shows the same particle forming a single domaimge consists of the force gradient at a fixed tip—sample sepa-
state, but with reversed orientation compared with the firstation. However, the disadvantage of this operating mode we
image. These kinds of reversal are very common in larggound is that it requires the sample to be quite flat, the mini-
area scans, and multiple reversal of the same particle can bgy) tip—sample separation is determined by the sample
observed. , o o roughness. However, if necessary, the topography can di-
To minimize the tip stray field induced magnetic distor- yocqy pe tracked by noncontact methods using modulated

tion, we fou’?d that the experiment needs to k_)e performed Rlectrostatic interactiors. For the present study this option
constant height mode with a low moment tip. In constant, -« ot implemented

helght mode_, the tip—sample separation is controlla_blg. Us- By doing MFM with an external magnetic fietd?® the
ing a large tip—sample separation, one can greatly limit an(%ilano article magnetization behavior and switching field can
control the tip stray field induced distortion. As an example P 9 9

Fig. 4 shows a MFM image at constant height mode of ar’fe characterized and quantified. One needs to be aware of the
arréy of particles with dimensions of 600 BM50 nm act that for submicron magnets, the combined effects of the

With this low moment tip no visible distortion could be de- MFM tip's stray field and the external magnetic field can
tected even at tip—sample separation as close as 20 nm. TH¥ke the particle switch at a lower field during imaging, as
reduced measurable signal of low moment tips can be conthown in Fig. 5. Figure @) shows that all the particles form
pensated by operating the MFM immoderate vacuum*® single domain states with the same moment orientation after
allowing fine magnetic details of the elements to be observegaturation, while Fig. &) shows MFM images acquired with
even though the particle width is only 150 nm. Operation in@ magnetic field of 60 Oe along the particle long axis. Some
constant height mode does not exclude tip stray field inducegarticles were directly switched to the reversed state by the
particle moment reversal. In fact, previous studies show thagxternal field, however, several others switched during the
by reducing the tip—sample separation at a selected locatidmaging process, resulting in the same conttdatk) at both
above the particle the tip stray field can induce controlledends. Similar phenomena have been observed by some other
and reproducible moment reversaWe would like to point  research groupt®2%°In this case the particle switching
out that it is easy to detect tip stray field induced magnetizafield is the combination of the external field and tip stray
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FIG. 5. MFM images of particle array with particle size of
1.2 umx200 nm.(a) remanet state after saturati;in the pres-
ence of external field of 60 Oe along long axis. tip: 50-nm CoPtCr,
tip—sample separation: 80 nm; in vacuum.

Magnetic Field (Oe)

FIG. 7. (a) Percentage of reversal as function of field. Particle
aspect ratio 7:1, width 200 nm; inset: switching field histogram.

field. Since the tip stray field is omnidirectional and not ho-
mogeneougFig. 2), the real switching field of the particle The particle switching field value can be obtained very
cannot be easily obtained. precisely if care is taken to ensure that the tip's stray field
To minimize these effects and obtain accurate switchingtself does not reverse the particle’s moment. The achievable
fields for the submicron particles, the experiment is per-accuracy is determined by the minimal field ramping step,
formed at remanence after the field is ramped to a fixedypically 1 Oe in this study. By using a small moment tip,
value. In this case, reversible magnetization behavior of theperating at constant height, and measuring at remanence,
elements cannot be revealed, but the irreversible magnetizave found the switching field even lower than 50 Oe can still
tion behavior, such as switching, can be clearly observedie obtained reproducibly.
This method is especially suitable for studying single domain
particles. By studying arrays of submicron magnetic par-
ticles, the remanent “magnetization curve” of the ensemble
as well as individual particles can be obtained. This can be In the following, we use constant height mode imaging of
directly compared to remanent magnetization behavior chathe remanent magnetization to observe reproducible and
acterized by other techniques, such as alternating gradiemtell-defined particle magnetic structures and systematically
magnetometefAGM).3* As an example, Fig. 6 shows the characterize their magnetization reversal. Figure 7 shows the
different moment states after applying external fields to elpercentage of reversed particle as a function of external mag-
liptical particles with an aspect ratio of 6:1 and a width of netic field for a particle with aspect ratio of 7:1 and width of
200 nm. The particles can hold their single domain state unti200 nm. The results are averaged over 600 individual par-
the external field reaches a critical valdg, at which point ticles through 10 different images at different location. Each
the particle moments are suddenly reversed to the oppositenage contains about 60 individual particles, and the error
single domain stateH is therefore the switching field of the bar is the statistical deviation of the 10 different images.
elements. The switching mechanism is aspect ratio dependent. We
found that for particles with aspect ratios less than 2:1 and
width of 200 nm, the remanent state of the particle cannot
hold single domain state, by showing low contrast at rema-
nence. This is due to increased demagnetization field along
the long axis as the aspect ratio decreases. The typical hys-
teresis curve for this kind of array looks like Figh] of Ref.
32, with a negative switching field. Through our MFM in-
vestigations, we found that for particles with aspect ratios
larger than 4:1 and widths of 200 nm, the switching takes
place via a sudden moment reversal from one single moment
state to the reversed single domain state, as shown in Fig. 6.
Elliptical particles with large aspect ratios are generally be-
lieved to form single domain states without trapping end
domains at both ends of the elemé&htiowever, we ob-
served a small percentag®%) of particles which formed a
low moment state at remanence after switching. This per-
centage increases as the particle aspect ratio decreases, as
shown in Fig. 8. The low moment states are circled as a

B. Magnetization reversal

FIG. 6. Magnetization reversal as a function of external mag-guide to the eyes.
netic field. Imaged in the remanent states after the field ramped TO further clarify the magnetization behavior and eluci-
along particle long axisia) -200 Oe;(b) 75 Oe;(c) 90 Oe;(d) 101  date the nature of the low moment state, we plot remanent
Oe. Particle size: 1.24mx 200 nm, tip: 50-nm CoPtCr, lift height magnetization curvé8of three typical particles, as shown in
120 nm. Fig. 9. A very small percentage of the particles appear to
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FIG. 10. Switching field histogram of the particle array with
particle size of 800 nmi200 nm.

distribution can be obtained through the magnetization de-
FIG. 8. Reversal as a function of external magnetic field afternvqtlve C““’e'f.,“\’”dH’ which is senSItlv_e to. the total mag-
saturation at -250 Oda) 50 Oe,(b) 70 Oe,(c) 90 Oe.(d) 180 Oe. netic moment® MFM allows the determination of the aver-
Particle size: 800 nmi200 nm" circled: |<’)w momer’1t states. age switching field as well as the switching field distribution
of ensembles and of individual particles. A typical example

reverse directlfFig. 9(a)], similar to the typical behavior of of a switching hlstogram is shown in the inset of Fig. 7 with

particles with large aspect ratios. However, most particle@/T@ Of aspect ratio of 7:1. The peak shows that the en-
behave as shown in Fig(19. A broad flat region with low semble of particles has an average §Wltch|ng fleld of 90 Oe.
moment state of about 50—100 Oe width is found. This obHowever, there are a few percent switched at fields below 70
servation is similar to measurements by AGM of the rema-O€ and a few percent apove 110 Oe. By fitting thg curve with
nent magnetization curve of low aspect ratio permalloy ar Gaussian distribution, we found that the full width of the

rays with size 1.2mx 0.9um 3! peak is about 32 Oe, 36% of the average switching field. The

The patterned particles do not have uniform SWitchingswitching field distribution arises from differences in the in-

behavior. The average switching field and switching fieIddiVidual particle s_witching fi_eld_s. T_he particles con_trit_)uting
to the extreme tails of the distribution can be readily identi-

fied.
1.0 (@) e ——mm—cee We used two fields to characterize the switching behavior
0.5} of medium aspect ratio particléd:1): H, at which the par-
ool ticle switches directly from the single domain to a low mo-
ment state andH, at which a reversed single domain is
e 0.5 formed from the low moment state. Figure 10 plots the his-
O -1.0f  cnmmoen——o—ums togram of these two fields. As we can see, two peaks appear,
g 300 200 -100 0100 200 300 with (Hg) much smaller thanlH,). SHg has comparable
S width to that of large aspect ratio particles, whidl, is
o 10 ) much broader.
§ 05 We found that as the aspect ratio increases, the switching
2 00 field Hg increases, consistent with the Stoner—Wohlfahth
CEG model3® However, the switching mechanism is not coherent
- 05 rotation. Since the particle is much bigger than the exchange
Q 10 length, the switching occurs through nucleation. The natural
T -300 200 100 0 100 200 300 switching field distribution of each individual particle is
£ found to be very narrow due to its big size, and the distribu-
c 10 ©) I e tion is in the limit of the field ramping step of our experi-
< 05 ments(typically 1 O¢. The variations of switching field val-
0.0 — ues are a consequence of the variation of the
demagnetization fields as a result of observable differences
05 in local defects, edge smoothness, and thickness. Even if one
S1.0f  comesmsennse—o— oo could directly observe the chemical homogeneity or varia-
-300 -200 1000100 200 300 tions in stress of individual elements, it is beyond our current

External Field (Oe) modeling capabilities to determine how these variations ef-
fect the sample demagnetization field.
FIG. 9. Remanent hysteresis of three different individual par- However, the switching field distribution can be broad-
ticles in Fig. 8. ened if different reversal mechanisms are involved, such as
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FIG. 11. Two different state in an elliptical particl@) single
domain;(b) one vortex. Particle size 600 200 nmx30 nm;
unit size: 1 nn?.
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trapping a vortex during a reversal procés¥ Since the FIG. 12. Local tip stray field induced magnetization reversal.
particle size is still much bigger than the exchange length offip located at different position above the particle can lead to dif-
permalloy materials, even for a medium aspect ratio arrayerent magnetic state€), (b), and(c). Tip: 50-nm CoPtCr, constant
(4:1), the vortex can still be formed in the dynamic reversalheight mode in vacuum, particle size 600 xrb50 nm.
process, and can be energetically stable in the remanent state,
which eventually makes the switching not reproducible andarger fieldH,, is needed to expel the vortex out from the
broadens the switching field distribution. Micromagnetic element in order to form a reversed single domain state. A
simulations suggest that both the single domain state and tHield smaller tharH , can only make the vortex move revers-
vortex state could be formed in the same elliptical particleibly, and leads to the same state at remanence, as shown in
Figure 11 shows an example of an elliptical particle with sizethe flat low moment region in Fig.(B). We note that the
600 nnmMx200 nmx30 nm. The simulations were per- reversal paths shown in Figsi@ and 9b) are statistical and
formed using the publicly available newly released threenot identical every time for a given particle. The poor repro-
dimensional micromagnetic code from NISTThe unit size  ducibility can be shown in Fig.(®), for this individual par-
for the simulation is 10 nte10 nmx10 nm. We found ticle, the moment can be switched directly from the single
that the total energy of the two states is very close, with thelomain state to the reversed single domain state, or switch
vortex state being only 5% higher than the single domairvia the formation of a vortex state.
state. For the single domain state, the exchange energy is In conclusion, we have shown that the MFM tip stray
lower, but it has a higher demagnetization energy. Simulafield can easily distort soft submicron magnetic particles, es-
tions from other groups also show that even multivortexpecially during imaging in the tapping/lift mode of operation.
states can be formed in elliptical permalloy particles. We found that these MFM tip influences of the sample mag-
The trapping of a low moment state in an elliptical par- netic structure can be considerably reduced by using tips
ticle can directly be induced by using the stray field of thewith small magnetic moments and by operating the micro-
MFM tip. By positioning the tip at reduced tip—sample sepa-scope in the constant height mode. Vacuum operation is then
rations at different locations above a patrticle, different finalnecessary to increase the signal to noise level. Magnetic par-
magnetic states can reproducibly be obtaifgee Fig. 12 ticle switching fields can be precisely characterized by per-
When the tip is located at either end of the particle at smalforming MFM at remanence after ramping the external field
separation, the particle moment is switched back and fortho a predetermined value. The magnetization reversal behav-
due to the tip field associated switching. This can be verifiedor is aspect ratio dependent. The switching field for different
by subsequent imaging at increased tip—sample separatiomslividual particles in the same array differs from each other,
[Figs. 12a), (c)]. However, if we put the tip close to the producing a broad distribution. For large aspect rdtoger
center region of the particléb), the particle forms a low than 4:), the switching proceeds directly from one single
moment state, either a multidomain or a vortex state. Thelomain state to the opposite one with a fairly narrow switch-
formation of this low moment state is a direct consequencéng field distribution. However for reduced aspect ratio par-
of the axial symmetry of the tip stray field, and as such theicles, (even as high as 4)1the particles first nucleate to a
particle moment has no preference to switch in either of thédow moment stable or vortex state at smaller fields, and only
two possible single domain states that are energetically onlgwitch to the reversed single domain state at higher fields.
slightly lower. Depending on the aspect ratio of the particle, the vortex state
During the switching process, if there is no vortex trappedand the single domain state are energetically very close. The
in the particle, the switching will occur by directly switching resulting broad switching field distribution can be undesir-
to the reversed single domain state, as indicted in Hig. 9 able factors in the exploitation of such particles for practical
However, if there is a vortex trapped in the element, a muctuses.
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