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Magnetic hysteresis of interface-biased flat iron dots
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We report a theoretical study of the coercivity and bias of iron dots exchange coupled with an antiferro-
magnetic substrate. We show that flat dots, with height close to the iron exchange length, and lateral dimen-
sions of a few exchange lengths, exhibit large enhancement of coercivity and exchange bias. For small
interface field strength the magnetization reversal is nearly a coherent rotation with symmetrical loops. Inter-
face pinning leads to large reduction in coercivity and asymmetrical loops, if the interface field strength is
comparable to the value of the iron exchange field. We discuss the impact of geometrical confinement and
interface pinning on the magnetization reversal mechanisms. We show that small area dots with height larger

than the exchange length display stronger interface effects.
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I. INTRODUCTION

The motivation for studies of arrays of magnetic particles
stems from both fundamental reasons and potential techno-
logical applications.'"® Sub-100 nm soft particles have di-
mensions comparable to the exchange length, and the mag-
netic states and reversal mechanisms depend on their
geometrical shapes and sizes.””!

Patterned media, with data storage at one particle per bit
basis are currently considered as a promising way of achiev-
ing higher storage densities for longitudinal recording.>”’
The remanence and coercivity are key parameters for these
applications, and control the stray field and the thermal sta-
bility. Both parameters can be tailored by exchange coupling
the ferromagnetic (F) nanoelement to an extended antiferro-
magnetic (AF) substrate. These issues have recently been
investigated in experimental studies of arrays of interface
biased ferromagnetic dots, Fe/FeF,,'®"" Ni/NiO,”!
NiFe/C00,2%23 NiFe/IrMn,?* and Co/Co0.%

Early reports have shown that the exchange bias of
Fe/FeF, patterned bilayers can be tuned by their lateral
dimensions.'® Nanostructuring of nanoporous FeF,/Fe bilay-
ers produces major changes in the magnetostatic energy,
leading to pronounced asymmetry of the magnetic energy,
large exchange bias, and reduced coercivity.'

Knowledge of the reversal mechanisms of interface bi-
ased dots might help understanding key features of F/AF
bilayers with extended interfaces. The study of exchange
bias, the shift of hysteresis loops of ferromagnetic films ex-
change coupled to AF substrates, might benefit from the
small interface area of nanometric dots, which opens a
chance of probing defect-free regions of the interface.

In this paper we investigate the impact of interface bias-
ing on the coercive field, the exchange bias, and the switch-
ing mechanisms of iron dots. We restrict the analysis to dots
with square (21 X21 nm?) interface base, and height (k) of
the order of the bulk iron exchange length. The point of
choosing dots with small interface area is that one may in-
vestigate the impact of the dots height and the strength of the
interface field on the hysteresis loop shape and the nature of
the switching mechanisms.
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The effects of geometrical confinement on the magnetic
states of soft magnetic materials are controlled by the dipolar
and exchange fields.?®?’ Interface biased flat dots may have
new magnetic states if the interface exchange energy is com-
parable to the intrinsic exchange energy. Also, if the dot’s
height is larger than the exchange length, the dot’s magnetic
phases may be affected by the exchange coupling with the
substrate spins even though the interface exchange energy is
small. This length scale is also interesting from the applica-
tions viewpoint. For iron the value of the exchange length is
11.2 nm,”® and storage densities in the Tbit in range require
dot arrays with a periodicity of 25 nm.

We show in this paper that unbiased 2=12 nm and h
=15 nm iron dots have larger coercivities than the h
=18 nm dot, and that relevant changes in the hysteresis
loops of #=18 nm iron dots require values of the interface
field strength much smaller than what is required for A
=12 nm dots. We also show that the differences between flat
dots, with heights of A=12 nm and h=15 nm, and h
=18 nm dots, originate in the nature of the magnetic phases
produced by the dipolar field. The adjustment of the magne-
tization profile to the exchange and dipolar field of unbiased
flat dots, with height of the order of the exchange length,
result in buckle states [see Fig. 1(a)], while the magnetiza-
tion patterns of 2=18 nm unbiased dots, with almost two
exchange length in height, are twisted states [see Fig. 1(c)]
which are more easily modified by the interface field. We
show that major changes in the loops of flat dots require
interface field strength of the order of 26% of the intrinsic
exchange field, while for 2=18 nm dots, noticeable interface
features require interface field strength 1 order of magnitude
smaller.

II. THEORETICAL MODEL

We consider a single Fe dot with a square base of edge
€=21 nm, in the xy plane, and height 4 in the 12-18 nm
range. We chose the dots uniaxial anisotropy easy axis par-
allel to the interface field along the in-plane x axis, and as-
sume that the antiferromagnetic substrate is held frozen in
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FIG. 1. (Color online) Magnetic states of interface biased iron
dots, showing (a) buckle state of #=12 nm iron dot for small val-
ues of the interface field strength, (b) interface induced twisted state
of =12 nm iron dot for large values of the interface field strength,
and (c) twisted state of ~=18 nm iron dot induced by the dipolar
field. The color bar code indicates the angle with the normal of each
face.

the antiferromagnetic order. The interface exchange coupling
of the dot’s spins with the AF substrate is represented by
effective field acting only on the dot’s interface spins. This is
a good approximation for large anisotropy antiferromagnets
such as FeF,.!%"1° It is also valid for other AF substrates.
NiO, for instance, is frequently used for biasing purposes,
and, even at high temperatures, the relaxation effects require
a few hours to produced appreciable changes in the effective
exchange bias.?”

The magnetic structure is described in terms of the mag-
netic moments of small cubic cells with edge, d, smaller than
the iron exchange length. The energy density is written as a
sum of intrinsic exchange energy, interface exchange energy,
anisotropy, Zeeman and dipolar energies:
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where the first term is the intrinsic exchange energy, re-
stricted to nearest-neighbor cells, A is the ferromagnetic ex-
change stiffness, and the effective exchange strength scales
as d*. The second term is the interface exchange energy, and
the sum is restricted to the first layer of cells, corresponding
to the interface region. The third term is the Zeeman energy,
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the fourth term is the anisotropy energy and the last term is
the magnetostatic energy. M is the saturation magnetization,
m; is the direction of the magnetic moment of the ith cell,
and n,], in the last term, is the distance between the cells i
and j in units of cell size (d). We use a simulation cell with
edge d=1.5 nm and the following values for the iron param-
eters: exchange stiffness A=1.25X10"!! J/m, anisotropy
constant K=4.7X 10* J/m* and saturation magnetization
Mg=1.7%10° A/m.>>** We comment on the value for A.
Typical values for bulk Fe range from 1.8 107! to 2.5
X 107" J/m.3! However there is a report that A is about half
its bulk value in thin Fe films with thicknesses of 14 nm
(Ref. 32) and we have used this in our choice for A.

Size effects are incorporated in the model since the mag-
netic moments in surface cells have the exchange energy
reduced by the absence of nearest neighbors. The equilib-
rium states are found using a local-field algorithm, which
allows calculating the orientation of the magnetic moment in
each cell in a self-consistent manner.>**® For each value of
the external field strength, the equilibrium configuration is
found by seeking a set of directions of the moments in all
cells (77;,i=1,...,N) which makes the torque in each one of
them equal zero, within a reasonable numeric precision. This
amounts to finding values of r,(i=1,...,N) for which the
magnetic moment of each cell is parallel to the cell local
field. The effective local field acting in the ith cell is obtained

from the energy density in the wusual way: Héff
=—(1/M)(JE/ dm;). We start the calculation at large mag-
netic fields, where a nearly saturated state is expected. For
each value of the external field, the self-consistent procedure
is initialized with the magnetic state corresponding to the
equilibrium state of the previous value of the external field.
Proceeding this way we find the metastable equilibrium state
nearest to the preceding one, as appropriate to modeling hys-
teresis phenomena. Convergence is checked to guarantee a
maximum torque of 1072° J in any one of the cells.

III. RESULTS

Before entering the detailed discussion of interface bias-
ing effects in the hysteresis loops, it is instructive to describe
the general features of the magnetic states. The typical mag-
netic states are shown in Fig. 1. In the absence of interface
exchange interaction the hysteresis loop shape, the coerciv-
ity, and the switching mechanisms are controlled by the dot’s
dipolar field. The reduction in exchange field near the sur-
faces make surface moments softer and more easily turned
by the dipolar field, leading to a reduction in the component
of the magnetization in the direction perpendicular to the
surface.

Geometrical confinement in flat dots produces a small
curling of the magnetization within each layer to minimize
the magnetic charge at the dots surfaces, leading to a buckle
configuration, as shown in Fig. 1(a), with spins in the layers
parallel to the interface and no appreciable difference be-
tween the magnetic structure of the surface layers and the
inner layers. Flat dots in the buckle state have an average
dipolar field larger than the anisotropy field. Furthermore, the
dipolar field is in the direction of the magnetization every-
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FIG. 2. (Color online) Hysteresis loops for Fe dots with dimensions 21 X 21 X s nm?>. The numbers on the right of each row of panels,
and on the top of columns, indicate the values % and of the interface field strength. For #=12 nm the hysteresis shifts rigidly for interface
field in the interval 0—7 kOe and for ~=15 nm the hysteresis shifts rigidly for interface field in the interval 0-5 kOe. For £=18 nm, there
is a large reduction in coercivity for an interface field strength of 2 kOe.

where but near the charged surfaces, leading to symmetrical
Stonner Wolfarth-type hysteresis loops, which may be much
wider than those of thin iron films with in-plane anisotropy.
Changes in this basic picture require large values of the in-
terface field strength.

Strong interface pinning favors noncoherent switching in
flat dots. Noncoherent switching corresponds to the nucle-
ation of twisted states (TS), as shown in Fig. 1(b), in which
the average direction of spins in neighboring layers make
small angles, and most of the spins in each layer are nearly
parallel. For an overall twist of (6rg) between the interface
and free-surface layers there is a cost of exchange energy per
unit area, of the order of g(h)=A H%S/ h, where A is the iron
exchange stiffness constant. The nucleation of TS requires
values of the interface exchange energy comparable to e(h).
We show below that the nucleation of twisted states in &
=15 nm dots requires a smaller value of the interface field
strength than for =12 nm dots. The magnetic profile shown
in Fig. 1(b) corresponds to 6rg=7/4 and is formed at the
reversal field [see Fig. 2(c)] in the lower branch of the hys-
teresis loop of a ~=12 nm dot for an interface field strength
of 16.7 kOe (26% of the iron intrinsic exchange field).

Figure 1(c) shows a twisted state which is formed in un-
biased and interface biased #=18 nm dots. Since the height
is almost equal to two exchange lengths there is room for
accommodation of the dipolar field by suitable rotation of the
spins of successive xy layers. There is also a similar rotation
of spins in neighboring xz layers in order to minimize the
magnetic surface charge in the xy and xz faces of the dot.

This phase is the major state of the #=18 nm dot and is
responsible for a large difference of the interface effects in
h=18 nm dot in comparison to flat dots (h=12 nm and h
=15 nm dots).

A. Exchange bias and coercivity

Exchange bias is a common feature of important applica-
tions of nanostructured magnetic systems, such as spin
valves and magnetic random access memories. Even though
it is a subject more than forty years old,*! there is not, so far,
a comprehensive model to describe the available experimen-
tal data. Most of the experimental reports focus on extended
systems. One key unsolved feature is that the measured hys-
teresis shifts are much smaller than what one might expect
from arguments based on exchange energy. This is associated
to the complex magnetic structure of the interface of ex-
tended systems, with lateral dimensions much larger than the
exchange length of the ferromagnetic material. Defects,
grains, etc. have an impact in the effective interface ex-
change coupling and switching mechanisms, and have been
the basis of the current theoretical models.*>*3

The interface structure of nanometric dots on an uncom-
pensated AF substrate is likely to be simpler, allowing a bet-
ter assessment of the impact of the F/AF interface exchange
coupling on the hysteresis loops of the ferromagnet. We ex-
plore this possibility and investigate the coercive field and
exchange bias in a wide interval of values of the interface
field strength, starting with unbiased dots and going up to
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FIG. 3. (Color online) (a) Coercive field and (b) exchange bias
shift of flat iron dots. The coercive field (H) and the exchange bias
field (Hgg) are shown in units of the iron uniaxial anisotropy field
‘H4, and the numbers in the figures indicate the dots height 4. The
curves interpolating the calculated points are a guide to the eyes.

values of the interface field strength comparable to that of
the intrinsic exchange field of iron (acting on a cell) Heyen
=2A/Md*=65.3 kOe.

In Figs. 2 and 3 we show the hysteresis loops of iron dots
with height =12 nm, =15 nm, and ~2=18 nm, and inter-
face field strength from zero (unbiased dot) to 16.7 kOe,
which is 26% of the intrinsic exchange field of iron. The data
in Fig. 3 were extracted from the values of the external field
where major jumps in the magnetization occur, in both
branches of the loops, as indicated in Fig. 2(c). Coercivity
and bias were obtained from the values of the nucleation
fields for reversal in the upper and lower branches (H, and
HY) in the usual manner: Ho=5(H!~H,), and Hc=5(H}
+H). The interval of interface field strength in each curve in
Fig. 2 is restricted to the maximum value of H;, for which
there is a single loop hysteresis and the nucleation fields are
clearly defined, as in the loop shown in Fig. 2(c).

Unbiased iron dots with =12 nm have a coercive field
of 2.7 kOe which is larger than the iron uniaxial anisotropy
field (H,=550 Oe) by a factor of 5. The coercivity enhance-
ment is a result of shape anisotropy, as we discuss in detail
further below. Almost the same coercive field is found if the
interface field strength is smaller than 7 kOe. There is a large
drop in coercivity and a relevant increase in the value of the
exchange bias of the 4=12 nm dot for an interface field
strength of approximately 8 kOe. The hysteresis loops of the
h=15 nm iron dot display similar features. In both cases the
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drop in coercivity occurs at the minimum value of interface
field strength required for the nucleation of TS.

For H;<7 kOe (10.7% of the intrinsic exchange field)
the exchange bias shift (Hgg) is proportional to the interface
field strength, and is nearly the same for 7=12 nm and A
=15 nm dots. The exchange bias shift is approximately
equal to H;/N, where N is the number of layers along the
normal to the interface.

For small values of the interface field strength, the mag-
netization reversal of flat dots is a nearly coherent rotation.
This is shown in the set of hysteresis loops in Fig. 2(a) for
h=12 nm iron dots, and in Fig. 2(d) for =15 nm iron dots,
for interface strengths below the threshold value for nucle-
ation of twisted states. As shown in Figs. 2(a) and 2(d) the
hysteresis loops shift rigidly as the value of H; is increased,
and the exchange bias shift is proportional to the value of H,,
as shown in Fig. 3(b).

The formation of twisted states in the up-field branch of
the hysteresis loop leads to asymmetrical loops. The thresh-
old values of the interface field strength for nucleation of
twisted states may be seen in Fig. 3 from the drop of coer-
civity and enhancement of the exchange bias shift. For A
=12 nm dots, the asymmetrical loops are formed if the in-
terface strength is above 8 kOe, whereas for =15 nm dots,
with a little more room to accommodate the intrinsic ex-
change energy, the formation of asymmetrical loops requires
a smaller value of the interface field strength (7 kOe, or
10.7% of H,,.,)- Notice, from Fig. 2, that the asymmetry of
the loops requires values of the interface field strength which
are of the order of a fraction of the intrinsic exchange field of
bulk iron (Heen=65.3 kOe).

Interface pinning produce much stronger effects in the
hysteresis loop of the #=18 nm dot. The height of the dot is
almost twice the value of the iron exchange length, allowing
the formation of twisted states in the unbiased dot. The hys-
teresis loops shrink when the interface field strength in-
creases. The coercive field of the #=18 nm unbiased dot is
0.5 kOe and for H;=2 kOe (3% of H,,.,) the coercive field
drops to 0.1 kOe. We note that these results are consistent
with the data reported in early studies of nanostructuring of
nanoporous FeF,/Fe bilayers.'”

B. Switching

In Fig. 4 we show typical magnetic states of an h
=12 nm dot. Each row of panels in Fig. 4 corresponds to a
point in the loop of Fig. 2(c). The buckle state shown in top
row of panels in Fig. 4, corresponding to the switching point
of the upper branch of the hysteresis loop in Fig. 2(c), is
nearly uniform, with a magnetization of M~=75% M. All
layers but the surface layer have the spins in the plane of the
layers. Figures 4(b) and 4(c) show the magnetic structure of
the twisted states that form in the lower branch of the loop.
Notice that the angle of twist (frg) decreases as the external
field increases in the lower branch of the loop, with the in-
terface layer spins rotating faster to align with the external
field than the surface spins. In the lower branch of the loop
spin reversal toward the external field direction is nucleated
at the interface region. Interface spins start switching first,
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FIG. 4. (Color online) Maps of spin configurations at the inter-
face layer, middle layer, and surface layer, for selected points of the
hysteresis loop of Fig. 2(c), for an iron dot with dimensions 21
X 21X 12 nm?® and H,;=16.7 kOe. The color bar code, in each row
of panels, represent the angle of the spins in each layer with the z
axis.

dragging the remaining spins via the intrinsic exchange
coupling.

The reversal in the upper branch of the loops of flat dots is
almost entirely controlled by the dipolar field. As seen in Fig.
2 the field for reversal of the A=12 nm varies from H,
~-2.72 kOe, for unbiased dots, to H, =—4 kOe, for an in-
terface field strength of H;=16.7 kOe (25% of Hy.p,), While
for the £=15 nm dot it varies from H,~-1.5 kOe, for un-
biased dots, to H, =-2 kOe, for an interface field strength
of H;=12 kOe (18% of H,yep)- In both cases, for any value
of the interface field strength, the magnetic state at the
switching field is a buckle state. It has a key role in the
magnetization reversal at H=H,, and the large values of co-
ercivity for small values of H; [see Figs. 2(a) and 2(d)].

The magnetostatic energy decreases significantly when
surface charges are converted into volume charges.!0#4-47
The interplay between the surface and volume magnetic
charges leads to the strong shape anisotropy of small area flat
iron dots. The significant enhancement of coercivity of &
=12 nm dots is due to volume charges located near the sur-
faces perpendicular to the net magnetization direction, where
there is a small curling of magnetization (in the buckle state).

It is instructive to explore the symmetry of the volume
magnetic charges to understand the large increase in coerciv-
ity. The volume density of magnetic charge at a given cell is
obtained from the variations of the components of the mag-
netization within the shell of first neighbor cells. In all
figures below the volume density of magnetic charge is given
in units of M¢/d. For Fe, with a simulation cell of size
d=1.5 nm, this amounts to a scale factor of 1.1
X101 A/m?.

In order to have a simple view of the role of the dipolar
field on coercivity of flat dots, we have selected to start with
a discussion of dipolar effects on the magnetic states of an
unbiased A=12 nm dot. These results will be used further
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FIG. 5. (Color online) Schematic representation of (a) the dipo-
lar field superimposed to a color map of the volume density of
magnetic charge p:—V-Ajl and (b) the spin configuration, in the
middle layer (/,=5) of an unbiased h=12 nm iron dot, with a 21
X21 nm® base; (c) average volume charge density within cell
stripes with fixed value of /,; and (d) average dipolar field along the
hysteresis loop. The color bar code in panel (a) indicates the value
of p(IX,Iy,IZ)z—VJ\}, and in panel (b) indicates the angle of the
spins with the z axis.

below as a reference to discuss the effect of interface biasing
on the nucleation of reversal.

In Fig. 5 we show the maps of spins and dipolar field at
the middle layer of an unbiased =12 nm iron dot, for H
=0 in the upper branch of the hysteresis loop. The volume
charge density, spin, and dipolar field structure shown for the
middle layer in Fig. 5 were also found for the other layers,
with minor modifications. In Fig. 5(a) we show the map of
the volume charge density superimposed to the map of the
dipolar field. The corresponding spin map is shown in Fig.
5(b). There is a concentration of positive volume charge near
the left x surface (the yz face at x=0), where the surface

charge (0=M-X, not shown in the picture) has a negative
value. Also, near the right x surface (the yz face at x
=21 nm), where the surface magnetic charge density is posi-

tive (M-£>0), there is a concentration of negative volume
charge. The effective magnetic charge in either side of the
dot is dominated by the volume charge density and the dipo-
lar field points in the direction of the magnetization for most
of the volume of the dot. Thus, the dipolar field adds stability
to the magnetic state and a larger external field, as compared
to H,, is required to switch the dot.

In order to further discuss the effect of geometrical con-
finement we make use of two auxiliary quantities. The first
quantity is an average value of the volume magnetic charge
density [p,,(x)], calculated within a cross section of the dot
made of cells within a yz layer, with constant value of x
(from x=0 to x=21 nm). The use of p,,(x) to interpret the
origin of the dipolar field is suggested by the symmetry of
the dipolar field, as seen in Fig. 5(a). p,,(x) has been calcu-
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lated for each point in the hysteresis loop, and in Fig. 5(c) we
show p,(x) for H=0. The other auxiliary quantity is the
average value (H,,) of the dipolar field along the direction of
the external field. H,, is an average made over all cells and it
is calculated for each point in the hysteresis loop. As shown
in Fig. 5(d), H,, displays a hysteresis loop in phase with the
loop corresponding to the magnetization. For a given point in
the magnetization hysteresis loop, the average dipolar field is
given by

1
Haw = N > Hp(x,,2), (2)

X, .2

and the average volume charge is defined as

1 >
pu(¥) = ——2 [~ V- M(x,y,2)], 3)
NyN_
where Hy)(x,y,2) =£~;ID(x,y,z), N is the number of cells in
the dot, N, and N, are the number of cells along the ¥ and Z
directions, and

- 3(m;- Ay m;
Hp(x,y,2) = Mg, {—%;L - (4)
j Ny Nk

is the dipolar field at the k cell located at (x,y,z).

As shown in Fig. 5(c), there is an average polarization due
to the volume charge density, which shields the dipolar field
produced by the surface charges. The net effect is that in
most of the volume of the flat dot, the dipolar field is parallel
to the magnetic moment. We have found similar profiles of
p.(I,) for H# 0. Notice that the average dipolar field along
the loop is of the order of 2 kOe, thus larger than the aniso-
tropy field by a factor of almost four. As shown in Fig. 5(d),
the average dipolar field at the switching point in the upper
branch of the loop (corresponding to H=-2.72 kOe) is
‘H,,=~ 1.8 kOe. This leads to the large value of the coercive
field seen in Fig. 3(a) for H,;=0.

In Figs. 68, we show the spin and the dipolar field pro-
files at the switching field for a flat (2=12 nm) iron dot. The
nature of the switching is more easily visualized looking at
the dipolar field pattern. One noticeable feature is the forma-
tion of a vortex structure in the dipolar field lines. This origi-
nates in the volume density of magnetic charge associated to
small variations in the equilibrium spin pattern of the buckle
state and may, thus, serve as guide to identify the nucleation
of reversal. In Fig. 6, we show the profiles for the middle
layer of an unbiased dot at the reversal field in the upper
branch of the hysteresis loop (H, =~—2.72 kOe). Similar pro-
files were found for the other layers. The intensity of the
dipolar field varies from 1.3 to 7.8 kOe. The parallel orien-
tation of spins and dipolar field, in the region of largest di-
polar field intensity, is the cause of the large coercivity. A
good fraction of the spins, in the region of magnetization
curling, is perpendicular to the dipolar field, and there is a
small fraction of the spins opposite to the dipolar field. The
magnetic state at the switching field on the lower branch of
the hysteresis loop (H, =2.72 kOe) is equivalent to this.

Similar features are seen in Figs. 7 and 8, except for the
fact that the layers (from the interface to the surface) are no
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FIG. 6. (Color online) Schematic representation of (a) the dipo-
lar field and (b) the spin configuration of an unbiased A=12 nm
iron dot, with a 21X21 nm? base, at the reversal field (H;
=-2.72 kOe) on the upper branch of the loop. The color bar code
indicates (a) the intensity of the dipolar field and (b) the angle of the
spins with the z axis.

longer equivalent. Interface biasing introduces asymmetry in
the switching modes. The spin reversal starts near the free
surface of the dot in the upper branch of the loop and at the
interface region in the lower branch of the loop.

In Fig. 7 we show the magnetic structure of a flat (h
=12 nm) iron dot for an interface field strength of 7,
=7 kOe (10.7% of Heepn), at the reversal field, H,
=-3.17 kOe, on the upper branch of the hysteresis loop. The
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FIG. 7. (Color online) Schematic representation of the spin con-
figuration (panels on the left column) and dipolar field (panels on
the right column) of an A=12 nm iron dot, with a 21 X 21 nm?
base, and H;=7 kOe at the reversal field (H,=-3.17 kOe) on the
upper branch of the loop. The color bar code the left column panels
indicates the angle with the z axis, and in the right column panels
indicates the intensity of the dipolar field.
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FIG. 8. (Color online) Schematic representation of the spin con-
figuration (panels on the left column) and dipolar field (panels on
the right column) of an 2=12 nm iron dot with £=21 nm and
H,=7 kOe at the reversal field (H}=1.4 kOe) on the lower branch
of the loop. The color bar code in panels in the left column indicates
the angle with the z axis, and in the panels in the right column
indicates the intensity of the dipolar field.

majority of spins in the interface layer are in the plane of the
layer and nearly parallel to the dipolar field. The vortex of
the dipolar field lines is restricted to the surface layer, with
the intensity of the dipolar field varying from 0.78 kOe in the
center of the vortex to 8.9 kOe near the surfaces. In the
surface layer, where the nucleation of reversal starts, a large
fraction of the spins, in the region of magnetization curling,
has an out-of-layer component. Also, the average dipolar
torque in the surface layer is larger, with the spins in the
regions of large dipolar field making almost right angles with
the dipolar field. The roles of the surface and interface layers
are interchanged in the reversal at the lower branch of the
loop (at H;=1.47 kOe). As seen in Fig. 8, most of the inter-
face spins have an out-of-layer component. Furthermore, the
dipolar field torque is larger at the interface layer. Most of
the surface layer spins are parallel to the local dipolar field.

The reduction in coercivity and bias for larger values of
the interface field strength is due to the formation of twisted
states in the lower branch of the loops. Notice from Figs.
2(a)-2(c) that the major effect of increasing the value of H,;
is to change the value of the nucleation field for reversal at
the lower branch of the loops (H}). The value of the nucle-
ation field for reversal in the upper branch of the hysteresis
loop depends weakly on the strength of the interface field. As
seen in Figs. 2(a)-2(c) a change by a factor larger than two
in the strength of the interface field, from H;=7 kOe to
H;=16.7 kOe (10.7% to 25% of H.yy) leads to a small
change in the value of H,,. The nucleation of the twisted state
has a direct effect on coercivity, by reducing the value of H;,
and an indirect effect on the exchange bias shift because
large changes in H, affect the position of the center of the
loop. Large values of H; also enhance the asymmetry of the
reversal mechanisms.

The asymmetry in the switching modes is enhanced for
large values of the interface field strength. In Figs. 9 and 10
we show the magnetic structure of a flat iron dot (h
=12 nm), at the switching fields, for the case where the re-
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FIG. 9. (Color online) Schematic representation of the spin con-
figuration (panels on the left column) and dipolar field (panels on
the right column) of an 2=12 nm iron dot for an interface field
strength of H;=16.7 kOe at the reversal field (H,=-3.8 kOe) on
the upper branch of the loop. The color bar code in panels in the left
column indicates the angle with the z axis, and in the panels in the
right column indicates the intensity of the dipolar field.

versal at the lower branch of the hysteresis is mediated by
the formation of twisted states, as in the loop shown in Fig.
2(c) for H;=16.7 kOe. As shown in Fig. 9, the reversal at
upper branch (H,=-3.8 kOe) is nucleated at the surface
layer. The dot is in a buckle state, with a larger curling of the
magnetization in the surface layer than in the interface layer.
The spins in the surface layer have larger out of layer com-
ponent and larger dipolar torque.

The reversal at the lower branch of the hysteresis, at H;
=-1.55 kOe is nucleated at the interface layer. As shown in
Fig. 10 the magnetic state at the switching field has a differ-
ent nature. The interface layer spins switch first, dragging the
surface layer spins toward the interface field direction. Also,
in this phase the volume charge density is smaller than in the
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FIG. 10. (Color online) Schematic representation of the spin
configuration (panels on the left column) and dipolar field (panels
on the right column) of an =12 nm iron dot for an interface field
strength of H;=16.7 kOe at the reversal field (H}=-1.55 kOe) on
the lower branch of the loop. The color bar code in panels in the left
column indicates the angle with the z axis, and in the panels in the
right column indicates the intensity of the dipolar field.
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FIG. 11. (Color online) Spin configurations in the xy layers
(panels on the left column) and in the xz layers (panels on the right
column) of an ~=18 nm unbiased iron dot with a 21 X 21 nm? base
for H=0. Notice the simultaneous twist of spins in the layers along
the z-axis direction and y-axis direction [see also Fig. 1(c)]. The
color bar codes indicate the angle with the normal to the layers (z
axis for the panels on the left column, and y axis for the panels on
the right column).

buckle state. There is no vortex in the dipolar field. The
continuous rotation of the spins from the interface layer to
the surface layer leads to a corresponding pattern of the di-
polar field.

The shape of the hysteresis loops of 7=18 nm dots is to a
large extent controlled by the dipolar field. Due to the larger
height, there is room to relax the magnetic structure along
the direction perpendicular to the surface, with a small mis-
alignment of spins in neighboring layers. On the left side of
Fig. 11 we show the magnetic structure of the surface and
interface layers of an unbiased A=18 nm dot for H=0. The
layer by layer rotation of the average spin direction along the
z-axis direction occurs with a simultaneous rotation of the
average spin direction in the layers along the y-axis direc-
tion. There is a large out-of-layer component, in both direc-
tions, except for spins in the central part of the xy and xz
layers, allowing the simultaneous twist of the average spin
direction. This magnetic phase is easily modified by the in-
terface field.

In Fig. 12 we show schematically the magnetic structure
of all layers, from the interface to the surface, making use of
the average spin direction in each xy layer, and the average
direction and intensity of the dipolar field in each layer as
well. The panel [Fig. 12(b)] corresponding to H=0 indicates
that the structure is symmetric and that the intensity of the
dipolar field is larger at the interface and surface layers
((H;)=4.13 kOe), with a minimum at the central layers
((H;=0.6 kOe). The other panels for selected points along
the upper branch of the hysteresis loop show that the twisted
state is also symmetrical in other points in the loop.

Panel (a) in Fig. 12 shows the magnetic structure at the
value of H for which the twisted state is formed. The end
spins make angles of *16° with the uniaxial axis. This pat-
tern evolves from this rather weakly twisted state, passing
through +27°, for H=0, as shown in panel (b), going up to
*44° for the state where the nucleation of reversal occurs at
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FIG. 12. (Color online) Schematic representation of the mag-
netic states and dipolar field of an unbiased iron dot with &
=18 nm for selected points along the hysteresis loop. The panels
display the average direction of spins ({S)) and dipolar field ((H ;)
in the xy layers, from the interface to the free surface of the dot. The
color bar code indicates the intensity of the dipolar field (kOe). The
inner hysteresis loop corresponds to an interface field strength
of 2 kOe.

H=-0.46 kOe, as shown in panel (c). The average intensity
of the dipolar field is not uniform across the layers, and at the
reversal field the maximum value of the dipolar field is at the
surface and interface layers. Notice also that the coercivity
decays by a factor of 5 for a small value of the interface field
strength (2 kOe).

In Fig. 13 we show schematically the magnetic pattern at
the switching fields for an unbiased #=18 nm dot and for
the interface biased (H;=2 kOe) dot. As seen in Fig. 13, a
small value of the interface field produces considerable
changes in the magnetic pattern at the switching fields. Com-
paring the profiles, in Fig. 13(a), at the reversal in the upper
branch of the hysteresis (H,), we see that the pinning at the
interface shifts the center of the twist toward the interface,
leading to a larger value of the twist angle at the surface
layer. There is also a change in the along the y axis, as shown
in Fig. 13(b). These changes in the magnetic structure of the
unbiased dot originated in the interface pinning (even for
small value of the pinning field) are possible because all the
dimensions of the dot are larger than the iron exchange
length.

IV. CONCLUSIONS

Our results indicate that the combined effects of the dipo-
lar and interface field play an important role in the magnetic
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FIG. 13. (Color online) Schematic representation of the twisted state at the reversal fields at the upper (H,) and lower (H}) branches of
the hysteresis loop of an unbiased (dashed curve) and interface biased (continuous curve) iron dot with #4=18 nm. The angle of the average
spin direction within (a) the xy layers and (b) within the xz layers with the uniaxial x axis.

states of dots with a square base and dimensions comparable
to the ferromagnetic exchange length. The form of the hys-
teresis curves may be strongly affected by the dot height, as
well as the strength of the interface exchange field.

We have shown that flat dots (k=12 nm), with height of
the order of the iron exchange length, have symmetrical hys-
teresis curves, even for values of the interface field strength
(H;) 1 order of magnitude larger than the uniaxial anisotropy
field. The hysteresis curves turn asymmetrical if the interface
field strength is large enough to nucleate twisted states. This
is a key feature of the hysteresis of small area dots. The
nucleation of twisted states in the lower branch of the loop
(external field opposite to the interface field) requires inter-
face field strengths comparable to the intrinsic exchange field
of bulk iron. The formation of twisted states may be identi-
fied by a large asymmetry of the hysteresis loop, which may,
thus, be used as a signature of strong interface exchange
energy.

Flat dots have large shape anisotropy. The dipolar field is
parallel to the direction of the spins, except for a narrow
region near the surfaces. The volume charge density is lo-
cated near the surfaces and has the opposite polarity of the
surface charge. It corresponds to a small curling of the mag-
netization to minimize the surface charges. The total mag-
netic charge forms double layers near the charged surfaces,
with the volume charge prevailing over the surface charge
and leading to the form of the dipolar field inside the dot.

The coercivity and the value of the exchange bias are
nonlinear functions of the interface field strength. For small
values of the interface field strength the hysteresis shift is
nearly the value of the interface field scaled by the dot thick-
ness, which is commonly taken as a guide for theoretical
models of exchange bias. However if the interface field
strength is large enough to nucleate twisted states, there is a
large change in the hysteresis shift.

Relevant changes in the shape of the hysteresis loops of
flat dots (h=12 nm) require large values of the interface
field strength. Interface pinning produce much stronger ef-
fects in the hysteresis loop of the #=18 nm dot. The height
of the dot is almost twice the value of the iron exchange
length, allowing the formation of twisted states in the unbi-
ased dot. This is a much softer magnetic phase than the
buckle phase of flat dots. As a result, even a small value of
the interface field strength produces large drops in the coer-
civity. The hysteresis loops shrink rapidly when the interface
field strength increases.

As a final remark, we note that interesting new features,
particularly regarding the coercivity and exchange bias,
should result by extending the model explored in the present
work to dots with various aspect ratios.*®
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