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Switching probabilities for single-domain magnetic particles
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Solving the stochastic Landau-Lifshitz equation numerically, we compute as a function df tiagorob-
ability per unit time,P4(t), that a classical, single-domain magnetic particle with an easy uniaxial anisotropy
and a collinear applied magnetic field will reverse its magnetizdti®nitch”) via thermal activation over the
energy barrier. ThéP4(t) curves increase with for small t, achieving a maximum at some time before
decaying exponentially with time constary at long time, as per the standard Neel-Brown picture. Bgth
and 7p increase(the latter exponentiallywith increasing barrier heightzp grows logarithmically with7p,
consistent with a recent phenomenological “energy-ladder” model, and experiments on submicron-sized mag-
netic thin films.
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[. INTRODUCTION through a serieg‘ladder”) of states of steadily increasing
energy. In the model, switching can occur only after the sys-
Both the relentless increase in the areal density of magtem has reached the highest state, the energy difference be-
netic storage devicésnd the attempt to fabricate magnetic tween the lowest and highest states defining the height of the
dynamic random access computer memories whose perfognergy barrierAE, which must be surmounted in the switch-
mance exceeds that of standard semiconductor techrfologying process. The ladder model produces switching probabili-
have fueled the need for progressively more refined undetjeg \yith the same qualitative peaked structures observed ex-
standing of the thermal magnetization reversal, or switching erimentally, as well as the exponential decays at large

of small magnetic systems. For example, the probability thaf; oo Bothrs and 7, in the model diverge adE/ksT di-

a given element or bit of a magnetic device will spontane-verges’ withre growing like log ) asymptotically.

ously switch due to thermal fluctuations increases rapidly In Ref. 3, we hypothesized that the phenomenological lad-

with decreasing volume of the bit. Since even a minute prob- X L
ability of such spontaneous switching is unacceptable fo er model and the resulting peaked switching curves ought to
apply quite generally to switching phenomena involving

memory or magnetic storage elemehtkis phenomenon po- 9= _ )
tentially limits the size to which individual bits can be de- thermal activation over barriers. A natural starting place to

creased, at least at room temperature. The intricacies of thefffvestigate this hypothesis is the magnetization reversal of a
mal switching on very short—say nanosecond—time scalesingle classical, monodomain magnetic particle, the theory of
also have important implications for technology as areal denwhich has been studied for more than half a century. Calcu-
sities and read and write speeds increase. For example, ok@ions of switching probabilities have been carried Yugt
needs to be able to switch or “write” a given bit very rapidly least in the long-time limit that has typically been of greatest
by applying a short, localized magnetic field pulse to it, with-experimental relevance, and for the simplest models involv-
out switching nearby bits as well. To do this requires detailedng only uniaxial anisotropy and magnetic fields. The famil-
understanding of the short-time switching probabilities ofiar result, P(t)~e™™, valid for t> 7, has emerged, to-
small magnetic systems at finite temperat(iFg gether with the Arrhenius formulam=r7,e*¥*eT, and

In a recent paperwe studied experimentally the switch- approximations for the microscopic timg (which is typi-
ing probabilitiesP(t) of submicron magnetic thin films on cally of order 10° s), in certain limits®”
microsecond time scales, as a function of applied field. At While verifying these results experimentally has not
sufficiently long timest, the probabilities fell off exponen- proven eas§, recent work by Wernsdorfeet al® has sug-
tially with time, consistent with the Neel-Browfipicture of  gested the correctness of the Neel-Brown picture of magne-
a single characteristic tims, governing the long-time decay tjzation reversal for ideal monodomain magnets on the
of probability ast— . At short times, however, the prob- nanoscale. However, little attention has been paid to the
abilities increasedwith t, achieving a peak value at another ot time switching behavior of a single-domain magnetic
characteristic timerp, before commencing their ultimate ex- particlel” In this paper, we compute switching probabilities

ponential decay. Bothp.anq ™o Were found to INCrease as o sych a particle numerically from the stochastic Landau-
the energy barrl_er to SW'.tChmg was ln_Creased by reducmg.thﬁifshitz dynamical equation in the simplest case of easy
zfep;f: Orfr;a%r:iert]g fgflgl Ol\r/]v etp?hae:riﬁgtm ;nts, the rate of "NUniaxial anisotropy and a collinear applied field. We find that

P D the P4(t) curves indeed have the peaked structure predicted

We rationalized these observations in Ref. 3 by construct: . )
ing and analyzing an elementary one-variable “energy-by the ladder model. Moreover, the data are consistent with a

ladder” model wherein the switching process is idealized a&°9arithmic dependence of upon 7, at least whery, be-
the stochastic, thermally activated progression of the systeffomes large compared to microscopic times.
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FIG. 1. (Color onling Switching probabilityP(t) as a function FIG. 2. (Color onling Same as Fig. 1, except plotted on a semi-
of time t (in units of 1012 s), for a magnetic particle with param- 109 scale.
eters given in the text, and values(respectively describing the
curves in decreasing order of peak heigtib 1950, 1850, 1750, Mimicking the measurements performed in Ref. 3, we
1650, and 1550 Oe. study switching in the model according to the following pro-
tocol: We start the system off in the metastable energy mini-
Il. THE MODEL mum atS,= §=0, S,=-1, for fixed, chosen values of all

rEarameters except Choosing a value df somewhat below
C

The system studied here is an idealized single-domai we then solve Eq(2) numerically, using the elementary

classical magnetic particle with easy uniaxial anisotropy an%l’“er method for a chosen discrete time s&pWe record

a magr?etic field. applied alohg the efizaniS'_ Itis modeled ¢ elapsed time at whic§, first becomes positive, defining
by a single Heisenberg spin vect®, of unit length, de- that as the time taken for the system to switch. Performing

scribed by the classical energy function many such measurements for a givevalue, we accumulate
_ statistics for the switching time, thereby computing a discrete
E=- KzVﬁ —hMgVs, D approximant to the probabiliti?y(t) that the system switches

at timet. We repeat these calculations for a series of values
of h to study the dependence of tRg(t) curve on the energy
barrier height.

whereV is the particle volumeK, (>0) the anisotropy en-
ergy densityh the applied field, andii, the saturation mag-
netization. Fot less than the valub.= 2K,/ M, this model
has a local, metastable energy minimuntSat-1, a global
minimum atS,=1, and a maximum &,=-h/h.. The energy Ill. RESULTS

barrier separating the metastable minimum and the maxi- _ )
mum has heighAE=K V(1 -h/h.)2. At h=h,, the metastable Figure 1 shows representative data Rxt) versust for

— — 19
minimum and maximum merge, whereupAgi vanishes. parameter value&,=4x 10° erg/cn?, V=2.5x 102 cn?,

The dynamics of the spin at finite temperatifds de- Ms=400 emu/crfg @=0.01, %=2.0x10'0e's™?, T
scribed by the noisy Landau-Lifshitz equatitf, 1213 =7.25 K, 8t=10"*s, and a series df values between 1550

and 1950 O&?°

Each curve represents the results of between 2 000 000
and 15 000 000 runs, and each exhibits the same qualitative
2 peaked structure seen in Ref. 3. This supports the argument
- . . . in that reference that any switching process involving ther-
gerevzﬂ'f acoGr;T:tsigir]s r?n.c(jtc;m_ (tr)?;feD ;?{;'(??Iﬁ) of:str?ngﬂ]ﬂal activation over an energy barrier should give ris @)

' > . R, . i V=7 curves with this characteristic shagy(t) increases with
MV(1+a), where %0 1S the gy_romagnet|c ratig, and a is for t<7p because it takes the particle some time to activate
the ‘phenomenological dampmg constant. The c.hd;ce thermally up to the top of the barrier where it can switch
=2ksTay ensure®® that the stationary Boltzmann distribu- with high probability
tion corresponding to the energy functi&nand temperature Figure 2 shows é semilog plot of the data displayed in
T is achieved in the long-time limit. Hellg is Boltzmann'’s Fig. 1. For timest exceeding its peak timep, each curve
constant[We use the It6 interpretation of the muItipIicaAtive appears linear, indicating the exponential ae@)t/,m, of

noise term®8in Eq. (2), whereupon the extra termDS  p(t) predicted at long times by the Neel-Brown thedfy.
must be includeth***on the right side of Eq(2) in order  The inverse slopes of these curves are the decay tmess
both that the magnitude @& be preserved by the equation, expected,r, increases with decreasirty that is, with in-
and that the Boltzmann distribution be reached-as».] creasing energy barrier. The peak times, also increase as

dSdt= - DS+ ySX JE/3S+ ayf[S X (SX JE/IS)]+SX 7.
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~ FIG. 3. (Color onling Semilog plot of peak timerp, vs decay g, 5. (Color online Semilog plots ofrp vs 7, for parameters
time, 7p, for switching curves computed with parameters given injgentical to those of Fig. &solid circles; and for parameters iden-
the text. Data are consistent witly growing logarithmically with  ical to those of Fig. 3, except that the discrete time s@pjs

- 3.33x 1013 5, rather than 102 s (open squarés

h is lowered, though far more slowly than dogs curvature in this plot, but if one insists upon fitting them to a
This phenomenology again agrees qualitatively with thastraight line, one arrives at an exponent of roughly 0.2, i.e.,
emerging from the ladder model of Ref. 3. To make the7r ™ 7p - o
comparison more quantitative, note that when the ratio 10 check that these results are characteristic of the model
AE/ksT becomes larges in that model increases as the (1) and (2), and not artlfacts of the time dlscretl'zatlon, we
logarithm of 7, (which in turn grows likee*E*eT, consistent performed computatlolr;s with the paramzeters listed above,
with the Neel-Brown picture Figure 3 shows a plot of, ~ Put with 8t=3.33X10""s rather than 18%s. The results
versus logmp) for the set of curves whose representatives aré'® |IIustra_1ted in Fig. 5, which lshows the Versusmp data
displayed in Figs. 1 and 2. Over the roughly two-decade?” 2 sgmllog plot, together W'th the'data from Fig. 3.’ fqr
range ofrp’s studied,7p does indeed seem to grow logarith- comparison. T_he_ two approximately linear curves are indis-
mically with o. In fact, given that the logarithmic depen- tinguishable Wlt_hln the accuracy of our numerical measure-
dence has only been derived in the ladder model for asymdpents‘ Thus F'g' 5 strongly sugge;ts that_ the _relat|onsh|p
totically large values of AE/kgT, the agreement is P 109(7o) continues to hold even with the finer time mesh.
surprisingly good. _ We concludt_e that the switching of a single classical spin
Of course it is always difficult to distinguish numerically IS N accord W'th,the phenomenology O.f the ladder model.
between a logarithmic dependence and a power law with A’h|s furt'hers ones confidence that the S|mple argu'ments ad-
sufficiently small exponent. In Fig. 4 we show theversus vanced in Ref. 3 indeed capture the essential physics of ther-

7p data on a log-log plot. The data exhibit clear, systematic,mal swit(_:hing: At short times, the process is governed by the
stochastic climb of the system to the top of the energy bar-

7000 rier, producing a switching probabiliti?(t) that is zero at
t=0, and increases withup to ;%! at long times, the fa-
.r miliar exponential decay of the switching probability, char-
) acterized by a single decay tims,, is obtained.
5000 ] While switching probabilities exhibiting peaks have been
observed in Monte Carlo simulations of spatially extended
4000 _ systems such as 1D micromagnetic motfetnd 2D Ising

. models?®?* the peaks have been ascribed—very
. reasonably—to the fact that it takes time for the boundary of
3000 N a switched region or droplet to propagate spatially through
Lt the entire system. The ladder model, which consists of a
. single variable, and the single-domain particle studied here,
make clear that peaked switching probabilites should be ex-

pected to occur very generally, even in the absence of any

2000 30'00 10600 30600 100000 spatial extension: Surmounting any energy barrier via ther-
mal fluctuations will necessarily involve some “climbing”
time which will produce a peak iR(t).

FIG. 4. (Color onling Same as Fig. 3, except on a log-log plot, It is obviously of some importance to see how widely this
which shows noticeable downward curvature. prediction can be verified experimentailyTo give one ex-
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ample of clear significance: At short enough tikfes the
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logically relevant magnetic systems can doubtless be brought

switching probabilitiesP4(t) measured in Ref. 9 should in- fruitfully to bear upon this question.

crease witht. On a more quantitative level, it also remains to
be seen how universally the relationship~log(7p), pre-

dicted by the ladder model, holds.
advance¥ in the numerical identification of the most prob-
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