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Hysteresis of finite arrays of magnetic nanodots
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Hysteresis curves are investigated for finite array®NofN ferromagnetic nanodots subject to the dipole-
dipole interaction(N=2,...,13. Spin arrangements up td=6 are presented, which indicate the onset of
bulklike behavior associated with odd=5) and ever{N=6) systems. The effect of field misalignment on the
hysteresis loops is also studied fd=3,...,6. The aredy of the hysteresis loop is studied as a functioriNof
Ay—A.. approximately scales d@$73/2 for N odd and as\™2 for N even.
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I. INTRODUCTION N— o behavior. We obtain a scaling function for the hyster-

A ferromagnetic particle goes into a monodomain state if€SiS l00p area as a function b for both odd and eveN
its sizeD is below a critical valueD,=10—-100 nm. This is (Which differ because only od® has an uncompensated
due to the competition between the exchange and dipolafPin. We also study the dependence of the hysteresis loop on
energies. Therefore, a nanoparticle in a monodomain staf@e inclination of the applied magnetic field with respect to
may be viewed as a giant magnetic dipole with magneticone of the array sides.
moment of thousands of Bohr magnetons. FoNanN array In the present work each dot is taken to have a raBils
of well-separated nanoparticles the exchange energy is usthicknessd and a single degree of freedom corresponding to
ally negligible in comparison with the dipolar and anisotropy the orientation of a magnet of saturation magnetizabiy
and Zeeman energies. The study of such systems is of inMe consider only the case of zero temperature. The dots are
creasing importance because of their technological applicearranged on a square lattice with lattice spacng2Ry, and
tions in data storage devices and magnetic field sensors. Abe dots interact only via the dipole-dipole interaction. The
the technology of these devices moves towards higher dergquation of motion for the magnetic moment of each dot is
sities of stored information, it requires smaller particles ofgoverned by the Landau-Lifshitz-Gilbert equatigin_G),’
magnetic media? for which finite size effects become rel- which reads
evant. In finite arrays of such large dipole moment particles,
the dipolar field of the array becomes comparable with the
bulk anisotropy field. Dipolar effects in such systems affect am = M X Heg - aw'
the static and dynamics properties of the array; and thus must dt © Ms
be taken into account.

The i”t‘?r?St in magnetization processes a_nd hystgretic b%\?herey is the gyromagnetic ratiay is the damping coeffi-
havior of finite arrays of nanopatrticles in which the mterac—cient, M is the magnetic moment of the dot aMi=|M | is

tloq between partl_cles is mediated by the3d|pole7d|pole mter—the saturation magnetizatiom s is the average effective
action has grown in recent years. Ressl> experimentally

studied the remanent states in cylindrical arrays of ferromzigr:nagrmtIC field acting on the dot. The average effective mag-

netic nanoparticles as a function of the particle’s size and th netic field acting on théth dot is due to the applied extemal

aspect ratio of the cylinder. They also performed micromag?'eld’ the dipolar fields, and the anisotropy field

netic simulations and showed that the remanent state is either

a flower state or a magnetic vortex state depending on the , , i

size of the particles used and the aspect ratio of the cylinder. eff = Ho COS 6%+ Hg sin 6y — H, + 2K1W2- (2
Camley and Stamps in Refs. 4—6 investigated the dynam-

ics and magnetization processes of a finite planar array of

N XN ferromagnetic nanodots, fdd=3,4,5,6. The nanodots Here the dipole field acting on thi¢h dot due to all other

were taken to interact only via the dipole-dipole interaction,dots in the array is given by

and they were subject to an external field applied either

along one side of the array or along its diagonal. They found

1)

rather complicated hystesresis loops with the magnetization Hi =h. E M; 3('\/" Tipr; 3)
reversal controlled by the shape anisotropy induced by the dip d'pj# ri?Jf rﬁ '
array itself.

We consider the same model, and extend their results, for
N=2,..,13. Our results folN=3 qualitatively agree with Wherehdip:wRﬁd/a3 is the strength of the dipole field amg
those of Ref. 4. We find that the behavior of these systems its in units of the lattice spacing. For all arrays studied, we
surprisingly complex, both for smaller and for larger valuestakehg;,=0.5. The choice of anisotropy is determined by the
of N, and we present the first systematic study of theirshape of the dot, which in our problem is directed along the
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symmetry axis of thécylindrical) dots. We divide both sides time step to integrate the LLG equation. The second is the
of Eq. (1) by (yM?) and define a dimensionless time variable “greedy algorithm.” The two approaches yielded similar re-

t=yMd. The LLG in these reduced units becomes sults.
q In the RK approach, the integration employs a fixed time
M o x heg = <M X (M X hey), (4) StepAr=5x 10 and a damping coefficient/ y=0.6, with
dr v an initial state in which the magnetic moment of the dot is

randomly generatedThe ground state of the system is un-
magnetic fields are measured in unitdbf and the energy is affected by the value o/y; however, the choice of this
9 ay ratio strongly affects the convergence and the computational

i : 2,3
m red in unit . . ! D
easured in units dil.a time. For systems with many local minima, too large a value

This_, paper is prganized as follows. Sec';ion Il presents th%f aly could cause the algorithm to overshoot a local mini-
numerical techniques we employed. Section Il presents alum. and too small a value af/y could cause the algo-

ex.tensive discussion of magnetization processes and hySt‘?ft’hm to get stuck in a local minimum. We found no indica-
esis for arrays oNX N nanodot(N=2,3,...,13 when the tion of either effect in the present wojklterations are

external field is applied along one side of the array. Sectiorg .

. topped when the difference between the total energy of the
IV considers the effects dil even ancN odd on the hyster- system from thgn+ 1)th iteration and that of theth itera-
esis loop of the finite array of nanodots. Section V conS|der?. nis of the order ofAE.=105. Our solutions converaed
the relationship between the area of the hysteresis loop an n— ’ 9

i o atter almost 19 iterations.
N. A brief summary is given in Sec. V. The greedy algorithm takes the dot magnetization to align

along the direction of the total local field. In the initial state

Il NUMERICS each dot magnetization is chosen to point randomly. Next,

the total local field is calculated for each dot. Finally, the

We employ two different approaches to study the magnemagnetization for each dot is reoriented to point along its
tization processes of ol X N arrays of nanodots. The first total local field. The convergence of the final state is checked
is the second order Runge—KutfaK) algorithm with fixed in a manner similar to that used in the RK approach. We find

where m=M/Mg and h.s=H4/Mg. In our calculations,
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that the LLG approach converges faster than the greedy atause of their unpaired spin, the obidsystems display mag-
gorithm. This is probably related to a phenomenon known imetization jumps as the field changes. The dddnd evenN
RLC circuits, where a critically damped circuit approachesbehavior becomes similar for larger valuesMfsomething
equilibrium faster than a circuit with a larger amount of we study in a later section.
damping. In Fig. 1, the angle of the field to one of the sidésey
Calculation of the dipolar field at thigh dot is the most axis) is taken to bed=0. Experimentally, however, field mis-
computationally time-consuming aspect of both approachealignment is almost inevitable, so that we also study field
since it requires summation of the dipole fields from all othermisalignment(6+ 0).
dots in the array. However, due to the relatively small sizes Figure 2 shows results foN=3,...,6 andangles§=5°,
of our dot arrays this calculation is performed rather quickly.30°, and 45°(We present only some ofthe more representa-
tive results; angles between 0° and 45° were studied in 5°
Ill. HYSTERESIS LOOP AND EXTERNAL FIELD increments. _ o
ORIENTATION EFFECT Comparl_son of Fig. 1 with F_lg. 2_ fo#=5° shows that a
small misalignment of the applied field can change the hys-
Hysteresis loop$1(H) for N N arrays of nanodots sub- teresis loop drastically.
ject to an external magnetic field applied along one side have For N=3, Fig. 2 shows that the central part of the hyster-
been calculated. Initially, a strong external fiéldis applied  esis loop shrinks a8 increases. Fo#=45°, the central part
to the array until saturation. The field is then decreased talmost disappears completely, and new small loops start to
—H,, followed by an increase back td,. We takeHy=2M,, develop away from the center of the hysteresis loop. Our
and a fixed field-step afH=2x 10"3My is used in simulat- results forN=3 agree with those given in Ref. 4, which
ing the sweeping process. For each value of the external fielstudied the case8=0° and 45°.
the system was iterated until a stable final state is reached. As For N=4, at §=0° there is no central loop, but there is a
shown in Fig. 1, wherd(H) is plotted(both in units ofMy), prominent loop at finite field. On the other hand, &at5°,
the odd and evelN arrays have somewhat different behav- there is a central loop, and the finite field structure becomes
iors, especially for smalN. One aspect of this is that, be- rather complex. Further increase éfleads to a filling out
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FIG. 4. Spin arrangements for an array ok 3 ferromagnetic
nanodots in an external magnetic field.

FIG. 3. Spin arrangements for an array ok 2 ferromagnetic
nanodots in external magnetic field.

- The N=3 array was analyzed by Camley and Stamps in
Ref. 4. This array also shows snakelike arrangements below
Ho=Mg. ForHy=0 the final state of the array shows what we
call a “barrel” state in which the spins at the left and right
columns are oriented opposite to the central column with a
slight tipping of the corner spins, as shown in Fig. 4. This
agrees with Ref. 4 except that Ref. 4 shows no tipping of the
corner spins. We have confirmed our numerics by making a
small tipping angle expansion of the energy with the spins
nearly but not completely aligned, and finding the tipping

and connecting of various subloops. Also, note the appeal
ance of jumps for nonzeré.

For N=5, a small field misalignment has an enormous
effect, atd=5° shrinking the loop to a relatively small cen-
tralregion. As @ increases, the central loop grows, but the
loop for 6=45° pinches off to yield three subloops, as for
N=3.

For N=6, again a small field misalignment has an enor-
mous effect, a¥=5° shrinking the loop to a relatively small
centralregion. A9 increases, the central loop grows, but in

contrast toN=5, the loop for6=45° does not pinch off, and H=2.0 H=0.8 H=0.5
closely resembles the loop fof=4.
These different types of behavior indicate that this is a | / D NN R
complex system, for which it is difficult to generalize. S/ S S
NN N
IV. HYSTERESIS AND EVEN-ODD SIGNATURE IN FINITE / I '( \ S /« P /«
ARRAY OF NANODOTS (@ (b) ©
In the absence of an external magnetic field the array of _ _ _
N N nanodots favors antiferromagnetic ordering, thus mini- H=0.3 H=0.0 H=-0.3
r_nizing its_ magnetostatic energy. A Igrge external ma_\gnetic N N NAS=aN e
field applied to the array tends to orient the magnetic mo- | ~*—. — / \ SN/ N\
ments along the field, thus minimizing the Zeeman field en- | ~ AN VAN SN
ergy. However, the spins at the array corners tip by a small e [ N N\,
angle, as shown in Figs. 3-6, forming a two-dimensional [ © U]
“flower* state®® The flower state persists until the applied
field falls to Hy=M,. For lower values of the applied field, H=-0.5 H=-0.8 H=-2.0
the competition between the dipole-dipole interaction and the o
Zeeman energy becomes significant, and changes the array <<\< < <<‘< X i l '/
ordering. . i ‘ | i
For N=2, Fig. 3 shows that for &Hy<Mg the spins <‘/ < < <<<
form a snakelike domain structure that winds either clock- | i " @ A

wise or counterclockwise. Fafl;=0, the array has zero net
per-dot magnetization, due to a vortexlike structure that per-
sists for ~-M<H;=<0.3V,.

FIG. 5. Spin arrangements for an array ok4 ferromagnetic
nanodots in external magnetic field.
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FIG. 6. Spin arrangements for an array ok5 ferromagnetic FIG. 7. Spin arrangements for an array ok 6 ferromagnetic

nanodots in external magnetic field. nanodots in external magnetic field.

angle that minimizes the energy. In both the numerics and in ) ) )
the minimization the corner spin tipping angle (® five ~ N=6. The hysteresis loop arég will produce further evi-
places |a|=9.1115°. The spin snapshots in Fig. 4 and thedence that large system behavior commences Wity and
hysteresis loop analysis both show that the barrel statl=6. Metastable states with vanishing net magnetization
switches to an inverted barrel state when the applied fieldnay appear for arrays with eveM. However, our simula-
changes sign, as expected for the unpaired spin ofth@  tions showed that these states appear onlyNei2,4. For
system. arrays with odoN the unpaired dipoles prevent the occurence
Figure 5 shows that thd=4 array also features snakelike Of such states.
arrangements of the spins, for intermediate values of the ap-
plied field. However, in zero field the total per-dot magneti-
zation is zero, which can be attributed to the formation of a
vortex in the array’s central 2 2block. The magnetic mo-
ments of the rest of the dots in the array form a ring that Although the area of the hysteresis lodg tends to zero
surrounds the vortex with opposite circulation. This state isor the N=2 array, it is clearly nonzero for all other arrays.
stable for applied fieldsl, satisfying —0.M <H;<0.2M,. Figure 8 presents the hysteresis loop areas as cifidlesen
For all N, the flower state appears at high fieldere, and squaregN odd). Figure 8 shows that the area of the
|Ho|=2.0My). The hysteresis loops shown in Fig. 1 show ahysteresis loop decreases with increadihgxcept forN=3
subtle difference in shape between arrays with dddnd  for N odd andN=2,4 forN even. TheN=5 andN=6 arrays,

arrays with everN. For oddN the loops show well-defined which are the first to show something like bulk behavior,
jumps whereas for eveN this behavior is absent. This be-

V. HYSTERESIS LOOP AREA Ay VS PARTICLE
NUMBER N

havior is due to unpaired spins with uncompensated dipole 4.0 —mgeremeg e
fields. The jumps become less apparent for laxgevhere |
the distinction between even and obdbecomes unimpor- 0.8l
tant.

When an array was placed in zero external field and given 0.6}

random initial conditions, the solutions converged to the <z E\S\S\E}
same states as obtained in the hysteresis-cycle calculations, 0.4} CK@\S\@\@
0

up to the degeneracy of the system. Thus,Ner2,4 there

are two degenerate metastable states of opposite chirality 0.2t
(winding) with zero net magnetization in zero field, each of : Q)
which has a fourfold rotational symmetry. R4 6 there are 0.0 2 4 6 8 10 12 12

two degenerate states of opposite chirality, with nonvanish- N
ing net magnetization, each of these states has no apparent

rotational symmetry. FON=23 there are two degenerate bar- FIG. 8. The area of the hysteresis loop as a function of the
rel states, with no rotational symmetry, aNg 5 is similar to  number of particlesN.
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TABLE |. Fitting parameters for data given in Fig. 8, using though the difference surely can be traced to the effect of the

Ea. (5. unpaired spin for oddN.
N A < P VI. SUMMARY
Even 0.278 6.31+0.42 1.95+0.03

We have studied the hysteresis and magnetization pro-
Odd 0.278 6.92+0.86 1.61£0.06  cesses foNx N arrays(with N=2,...,13 of uniaxial ferro-
magnetic nanodots interacting via the dipole-dipole interac-
, ) .. tion. For an external magnetic field aligned or misaligned
have maximunAy for odd and even, respectively; their spin \yith one side of the array, the hysteresis loops are surpris-

arrangements are given in Figs. 6 and 7. We have fitted OYhgly complex. For arrays with odl the hysteresis loops

data to the asymptotic form possess jumps, whereas for evdrnthey do not. AsN in-
C creases, the arefy, of the hysteresis loop begins to saturate,
Ay=A.+ INTL (5)  approaching a nonzero finite value determined from a data

fit. The area of the hysteresis loop scales withapproxi-

whereA,., C, andp are constants to be determined. If larger mately asN™3/2? for N odd, and approximately a2 for
values of N had been computationally feasible, we would even.
have considered only large valueshbfor the fit. In practice,
for N odd the dat_a_are fit starting frodM=7 qnq forN even ACKNOWLEDGMENTS
from N=6. (The fit is not as good wheN=5 is included, so
we do not show this caseBoth fits are shown as solid lines ~ The authors would like to thank V. L. Pokrovsky, A. S.
in Fig. 8, where the values &, C, andp are given in Table Kirakosyan, and S. Erdin for fruitful discussions. This work
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