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Two-Dimensional Magnetic 
- 

Particles 

sure the electron spin polarization P as a 
function of thickness. This allowed an addi- 
tional thickness calibration that was particu- 
larly inivortant for the smallest structures. . . 
whlcli turned out to be thinner than expected 

C. Stamm, F. Marty, A. Vaterlaus, V. Weich, S. Egger, U. Maier, from the evaporation rate. The sharpness of 
U. Ramsperger, H. Fuhrmann, D. Pescia" the boundaly of the microstructures, deter- 

mined bv STM, was -100 nm 
Single two-dimensional (2D) atomically thick magnetic particles of cobalt and 
iron with variable size and shape were fabricated by combining a mask tech- 
nique with standard molecular beam epitaxy. Reduction of the lateral size of 
in-plane magnetized 2D cobalt films down to about 100 nanometers did not 
essentially modify their magnetic properties; although the separation of bound- 
aries decreased greatly, neither domain penetrated the particle, nor was any 
sizable shape anisotropy observed. The mutual interaction of 2D cobalt particles 
was negligible, and the magnetic state of a single particle could be switched 
without modifying the state of the neighbors. Perpendicularly magnetized iron 
particles did not exhibit such responses. These results suggest that only a few 
atoms forming a 2D in-plane magnetized dot may provide a stable elementary 
bit for nanorecording. 

The spatially resolved remalient state mag- 
lietizatioli M (zero applied magnetic field H )  of 
ultraflat particles (thicluiess 6 typically in the 
range 2 AL < 6 < 10 AL, where AL = atomic 
layer) is shown in Fig. 1 for lateral sizes vatying 
fiom -1 mm to -100 mn. All of the particles 
are fei~omagaetic starting from 6 ;= 2 AL; the 
easy (energetically most favored) M axis is 
in-plane and along the salne crystallographic 
direction for all of the particles, ilrespective of 
their size and shape. Each particle has a roughly 
square hysteresis loop (Fig. 1D) with a nearly 
fully magnetized remanent state, and M is ho- 

Consider the effects of reducing the lateral di- 10-14), the answers to these hvo questions are ~nogeneously distributed; no magnetic domains 
lnensions of a magnetic film so that a flat of fundamental importance for possible appli- penetrate the particles even when their size is 
particle is produced. At least two q~~estions cations such as magnetic recording. varied over many decades. A lninimuln niag- 
arise. First, as the boundaries are coming closer, We addressed these two questions in the netic field Hrev is required to switch M of the 
their delnagnetizi~lg action-which is ~legligi- li~llit of atoliiically thin films of Co on particles in the opposite direction (see Fig. 1D 
bly small, for example, at in-plane magnetized Cu(100). Co/Cu(100) seenls to represent a and tlie trallsitioll from Fig. 1F to Fig. 1G). We 
extended fil~ns (1-3)-is expected to increase. model system for in-plane ~nagnetized ultra- studied the magnetic state close to Hre,that 
As a result, it lnight become energetically fa- thin films (3, 9, 15-19) and should provide a is, close to the state of instability toward revers- 
vorable for donlains to penetrate the particle 
when its lateral size is reduced (4). Simulta- 
neously, tlie sliape of the particle (5-8) might 
compete with the magnetocrystalline anisotro- 
py (9) to determine the direction of the magne- 
tization M. The second question alises in con- 
nection with an enselnble of such particles: The 
dipolar energy responsible for possible demag- 
netizing effects within one single particle pro- 
duces a long-range interaction behveen the par- 
ticles. Thus, it lnight becolne impossible to 

suitable reference for starting the patterning 
operation. The ultraflat particles are produced 
by ~llolecular bean1 epitaxy (MBE) (16, 20) 
under ultrahigh-vacuunl conditions (lo-"- 
mbar range). Lateral patterning is achieved in 
situ during MBE by placing a diaphragm 
between tlie MBE source and tlie substrate. 
This diaphragm consists of a 1-bni-thick foil 
with niicroholes that had been etched with a 
comniercial focused ion beam (FIB) system. 
The lnagnetizatioli was lneasured in situ and 

ing IM-by applying a reverse magnetic field 
Hrcv -- AHreV (the field was successively 
switched off to perform the SEMPA imaging). 
We obselved a single-domain state up to re- 
verse applied fields vety close to Hr,, (the 
smallest values of AHr,JHrcV achieved in our 
study were 0.005). Thus, the niicroshuctures 
switched from one homogeneous state to the 
reverse state. With current imaging methods, 
we are not yet able to determine how this 
switching (that is, tlie tilne evolution of M at 

change the magnetic state of a particle without resolved spatially with two techniques: scan- Hr,J proceeded. 
affecting the state of the neighbors. As the ning Ken. micsoscopy (SKEM, lateral resolu- An exception to the single-domain l-ule is 
geomehy of the particles and their mutual in- 
teraction lead to the coniplicated magnetic be- 
havior obselved in mesoscopic magnets (4-6, 

C. Stamm, F. Marty,  A. Vaterlaus, V. Weich, 5. 
Egger, U. Maier, D. Pescia, Laboratorium f i j r  Fest- 
korperphysik, Eidgenossische Technische Hochs- 
chule (ETH) Zurich, CH-8093 Zurich, Switzerland. 
U. Ramsperger, Nat ional  Research Inst i tute for 
Metals, 1-2-1 Sengen, Tsukuba, lbaraki 305, Japan. 
H. Fuhrmann, lnst i tut  f i i r  Teilchenphysik, ETH Zu- 
rich, CH-8093 Zurich, Switzerland. 

tion of 1 p,m) (16) and scanning electron 
microscopy with polarization analysis 
(SEMPA, lateral resolutioll of -10 nm) (3, 
18, 21, 22). Sample growth and measure- 
lnents were perfotnied at room temperature. 
The thickness of the microstruct~~res was de- 
telnlined by calibrating the evaporation rate 
with Auger spectroscopy and scanning tun- 
neling microscopy (STM) (1 6, 20) perfomled 
on colltinuous films. On selected microstruc- 
tures, we cross-checked the thickness by 

the millimeter-sized Co fill11 seen in Fig. 1B, 
where millimeter-sized dolnains are produced 
in the vicinity of Hrev However, over such 
large scales, the Co film is bound to meet 
with the lnajor structural defects provided by 
the Cu surface and to develop enough mag- 
netostatic energy El,, to create domains and 
pill their walls. These defects are most likely 
determining the value of Hrev in niicrostruc- 
tures as well: Hrev increased with thickness 
(15) but did not show any systematic varia- 

*To whom correspondence should be addressed. STM In addition, we used SEMPA to niea- tion with size and shape 
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To explore the influence of the particle 
shape on its magnetic state, we have investigat- 
ed the spatial distribution of M in ultraflat mag- 
netic stripes, which are the 2D counterpart of 
3D magnetic needles. The magnetostatic ener- 
gy stored in needles magnetized along the axis 
is much smaller than that of needles magnetized 
perpendicular to the axis; this shape anisotropy 
forces the 3D needles to be magnetized along 
the axis. In contrast, no such shape anisotropy is 
observed in 2D stripes. Inspection of an array of 
stripes 50 pm long and 1 p,m wide (in-plane 
aspect ratio R = 50) oriented at a variable angle 
a with respect to the easy M axis (Fig. 2A) 
showed that M is uniform within each stripe 
and points in the same direction for all a. A 
detailed analysis of the spin polarization of 
stripes with R = 80 (Fig. 2B) confirmed that 
varying a does not produce any measurable 
deviation from the vertical orientation. For very 
thin stripes with R = 80, we have calculated, 
using the methods of (23), that the shape an- 
isotropy field favoring the stripe axis is (in 
oersteds) approximately 6 . 7 . sin2 a. This is 
comparable to HEv and about one order of 
magnitude smaller than the fourfold magneto- 
crystalline anisotropy (15). The uniform verti- 
cal orientation of the remanent M is realized 
even when the axis of the stripe is exactly 
orthogonal to the easy M direction (Fig. 2C). 
We conclude that Em stored in this perpendic- 
ular configuration is not enough to demagnetize 
the stripe, either by domain formation or by 

rotation of M into equivalent in-plane easy di- 
rections, although H,," can be as small as 10 
Oe. 

The results in Figs. 1 and 2 show that 
boundaries have a negligible effect on the state 
of an in-plane magnetized atomically thin film: 
Domains are not formed, and the easy Maxis is 
not influenced by shape anisotropies. This re- 
sult is (apparently) in striking contrast with the 
observation of domains and shape anisotropy 
reported previously (4-8, 10, 11) on patterned 
films. We propose the following explanation 
for the contrasting results: Consider the picture 
of a magnetized body originally put forward by 
Maxwell ( I ) .  Accordingly, Em stored in a uni- 
formly magnetized body with spatial dimension 
D is formally similar to the Coulomb energy of 
charged particles distributed on the surface of 
the body, where the surface charge density is 
the component of M normal to the boundary. 
Because the square of the total charge is pro- 
portional to (LG')2 (where L is the linear size 
of the body) and the Coulomb potential scales 
with L-I, Em scales with L2s3. Domain forma- 
tion minimizes this energy (24). The wall ener- 
gy Ew acts against the formation of domains 
(24) (Ew = LD-I). Em also introduces magnetic 
anisotropies origmating from the actual geom- 
etry of the boundaries. In this respect, Em com- 
petes with the magnetocrystalline anisotropy Ea 
(a  LD) (9) for determining the actual direction 
of M. Taking into account the scaling dimen- 
sions of the various energies, we arrive at the 

Fig. 1. SEMPA and SKEM images of Co 
particles with various lateral sizes. The 
magnetization is measured in the 
remanent state, that is, after a mag- 
netic field was applied to saturate the 
sample and subsequently switched 
off. The gray scale range is taken to  be 
proportional to  the spin polarization 
of the emitted electrons (SEMPA) or 
to the Kerr asymmetry (SKEM), with 
gray corresponding to  zero spin polar- 
ization. The arrows indicate the mag- 
netization direction, which is parallel 
to a [ I  101 in-plane axis. (A and B) The 
surface of an extended Co film (6 = 
4.5 AL, H,,, = 44 Oe) collected in 
remanence (A) and after applyin a 
fieM amounting to  0.995. (-H,) fB). 
The edge of the Cu substrate is visible 
at the top and bottom. (C) SKEM im- 
age of a 9-p,m Co dot, 6 AL thick. (D) 
Hysteresis loop collected in the center 
of the dot in (C) (H,,, = 9.5 Oe). (E) 
SEMPA image showing square dots with 
a size ranging from 0.5 to  4.5 p m  and 
10 AL thick (H,, - 100 Oe). (F) SEMPA 
images of dots with diameters of 130 
nm (6 = 2 AL) and 300 nm (6 = 2.5 AL). 
(G) The same dots, after applying a field 
(340 Oe) larger than H, - 140 Oe, 
have switched M direction and emit 
negatively polarized electrons (dark). 
The image of the 130-nm dot in (F) and 
(C) consists of -20 pixels. All of them give the same spin polarization value within experimental 
uncertainty, so that it is unlikely that an undetected fine structure exists within the dot  

following results in the limit D = 2 (which we 
believe is the one realized by atomically thin 
films): 

1) EE'2 scales exactly as EE=2. Thus, 
reducing the size of the magnetic element 
does not change the energy balance: There is 
no need for domains to appear when L is 
reduced if they were not present for large L, 
in agreement with the results of Fig. 1. This 
scaling result is supported by the explicit 
calculation of the so-called "demagnetizing 
factor" of in-plane magnetized ultraflat discs 
(I), ultraflat ellipsoids (2), and stripes (23). 
At first glance, perpendicularly magnetized 
continuous films and dots, which contain do- 
mains (3, 5, 25, 26), seem to represent an 
exception to our dimensional analysis. Howev- 
er, the origin of perpendicular domains, which 
appear also for L m, is the short-range part of 
the dipolar interaction (25) and not the magnet- 
ic charge exerted by the boundary. Thus, they 
must be an exception to our dimensional anal- 
ysis. Our results on the spatially resolved M of 
perpendicularly magnetized Fe dots on Cu(100) 
(see Fig. 3A and compare with Fig. 1E for Co) 
show the occurrence of stripes within the dots, 
independent of the dot size. 

Fig. 2. 2D magnetic stripes. The horizontal in- 
plane component of M was zero at remanence, 
within experimental uncertainty. In the thick- 
ness and angle range explored in this work, we 
never detected a nonzero horizontal compo- 
nent at remanence. (A) SEMPA image showing 
a set of Co stripes (23 AL thick) with a variable 
angle a with respect to the vertical easy direc- 
tion; M was measured in the remanent state. 
(0) The electron spin polarization measured in 
the remanent state along the vertical easy axis 
is plotted as a function of a for two sets of 
stripes, 40 p m  by 0.5 pm, with 6 = 3 AL (open 
circles) and 6 = 6 AL (filled circles). H,, varied 
between -20 and -70 Oe. (C) SEMPA image 
of a Co stripe, 122 p m  by 1.9 p m  (6 = 10 AL), 
uniformly magnetized perpendicularly to  its 
long axis (black corresponds to  a spin polariza- 
tion of -22%); H,e, = 145 Oe. 
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2) Because Ef=2/EE=2 =C L, we expect 
shape anisotropies to play a role only when L 
reaches atomic lengths [see also the numerical 
calculations of (23)l. Thus, as long as 6 is in the 
monolayer range, we do not expect shape 
anisotropies to compete efficiently against mag- 
netocrystalline anisotropies, which are particu- 
larly strong in ultrathin films (9, 15), in agree- 
ment with Fig. 2. 

What happens when the particle acquires 
a finite thickness? In this case, we expect a 
crossover to D = 3, and boundaries should 
become more effective in demagnetizing the 
particle, either by introducing domains or by 
shape anisotropies competing with Ea (or by 
both effects). As the sample thickness in (4- 
8, 10-12) was several tens of nanometers, 
this crossover might just be the origin of the 
observed demagnetizing effects. As shown in 
Fig. 3B, a "thick" (17 AL) stripe is indeed 
able to sustain a stable domain with opposite 
magnetization. 

We now address the question of the mutual 
interaction in an ensemble of 2D particles. Sup- 
pose dots are packed within distances compa- 
rable to their size L. Each dot acts on neighbors 
with a field Hm on the order of M .  SIL. Dots act 
as independent particles if Hm < H,,. In D = 
3 (6  = L), Hm is on the order of M (typically 
lo3 Oe) independent of the size of the particles. 
In other words, depending on the balance be- 
tween Hm and HmV, we expect the mutual in- 
teraction of an ensemble of 3D dots to be strong 
and thus important in determining both the 
magnetic state of each single dot and their 
function. In 3D particles, the mutual interaction 

Fig. 3. (A) SEMPA image showing ferromagnetic 
dots of face-centered cubic (fcc) Fe on Cu(100) (6 
= 3 AL). The Fe films were deposited at room 
temperature. The [I001 direction lies horizontally. 
In contrast to Co films, fcc Fe is magnetized 
perpendicularly to the surface, and its Curie tem- 
perature in this thickness range is just above 
room temperature. Both the continuous film and 
the dots show the same magnetic structure, con- 
sisting of stripe domains oriented along a [ I  101 
direction. Only the component of the M perpen- 
dicular to the surface is reported; the in-plane 
component was zero within experimental accura- 
cy. (B) SEMPA image of a section of a Co stripe, 
122 pm by 1.9 pm (17 AL thick), exposed to 
82.5% of H,, = 123 Oe. A white 180' domain is 
stabilized within the stripe by this procedure. In 
thinner stripes, exposure to fields as large as 99% 
of H,, did not produce domains of opposite 
magnetization. 

might have a large influence, for example, on 
the domain pattern achieved in a matrix (5. 8). 

We expect 2D particles to behave different- 
ly: is reduced by a factor 6/L with respect 
to HE=3. We have designed an experimental 
geometry aimed at measuring the minute dipo- 
lar field that we expect to emanate from an 
in-plane magnetized atomically thin particle 
(Fig. 4). In this experiment, a small Co particle, 
which serves as a probe, is sandwiched between 
two larger elliptical particles that act as a source 
of magnetic dipolar field. The test particle is 
exposed to a bias field pointing opposite to the 
M of the sources. This bias field should help 
switch M of the test particle fiom "up" to 
"down" at a field HE; and should oppose the 
reverse switching process at Hrev+. In situations 
where H,,, of the sources is larger than HKy of 
the probe, it is possible to switch the magnetic 
state of the probe back and forth, leaving M of 
the sources constant (Fig. 4). This allows mea- 
surement of the asymmetry (H- - H,,+), 
which is less than -2 Oe. Our numerical esti- 
mate of the bias field, obtained by calculating 
the suitable dipolar sums (23), gives H,,, = 0.6 
Oe for the geometry of Fig. 4. In line with this 
result, we have achieved for a variety of situa- 
tions single-dot manipulation without changing 
the magnetic state of neighboring dots. Note 
that a coupling field proportional to 6IL intro- 
duces an inherent limit LC .-: 6 - M/H,, to how 
close particles can come in 2D: If particles are 
closer than LC, they cease to be independent. 
Our expression for LC shows that its value 
might be as small as -6, provided H,, = M. 

These observations indicate that in-plane 

Fig. 4. (A) SEMPA image showing a small Co 
element (Hrev- 33 Oe) sandwiched between 
two elliptical particles (H,, = 40 and 36 Oe, 6 
= 4 AL). Before the image was taken, all of the 
particles were magnetized "up" by a large pos- 
itive magnetic field and then exposed to a 
negative magnetic field of -31 Oe. This nega- 
tive field did not switch the state of the parti- 
cles. (8) A magnetic field H,,; = -33 Oe has 
reversed M of the smaller Co dot, which now 
appears dark in the image. (C) A magnetic field 
H,,+ = 33 Oe has switched M of the smaller 
Co dot in the positive direction. 

magnetized 2D magnetic particles behave 
quite differently from 3D ones. Magnetic 
anisotropies are sufficiently strong to sustain 
ferromagnetic order against Nee1 thermal 
fluctuation instability (27) for L down to 
- 100 nm. At this length scale, the boundaries 
are quite close but do not introduce domains 
or a measurable shape anisotropy. As a result, 
small 2D particles have a nearly square hys- 
teresis curve. Further, we have shown that the 
magnetostatic interaction between particles is 
negligible in the 2D limit: Their magnetic 
state can be manipulated at will and indepen- 
dently of the state of the neighbors. The 
conditions D = 2 and in-plane magnetization 
are quite essential to these observations, in 
that (i) they minimize the demagnetizing role 
of dipolar interaction, and (ii) they maximize 
(9) the role of magnetic anisotropies, so es- 
sential for the buildup of a well-defined mag- 
netic state. In light of these results, it might 
be plausible to speculate that 2D particles 
maintain these favorable characteristics even 
in the nanometer range, thus providing well- 
defined elements for nanorecording. 
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