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Temperature dependence of the fluctuation of the switching field in small magnetic structures
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We study the temperature dependence of the fluctuation of the switching field of small magnetic structures.
For samples of different thicknesses, the fluctuations exhibitoppositetemperature dependences. At the same
time the switching fielddecreaseslinearly with temperature for both samples. Simulation shows that the
mechanism of switching is different between the samples. We perform analytic calculations based on models
suggested by the simulation and found temperature dependences in agreement with the experimental results.
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I. INTRODUCTION

Nanomagnetic structures are currently being develo
for magnetic sensors~for example, exploiting the giant mag
netoresistance effect, or tunneling magnetoresistance! for
nonvolatile magnetic random access memories~MRAM ! ex-
ploiting either the Hall effect or magnetotransport effects a
for storage on a nanoscale. They present challenges in de
for controlling the value and reproducibility of the switchin
field. Both individual and small arrays of MRAM device
have been demonstrated to have a fast access s
('2 ns), low power consumption, density scalability, a
compatibility with semiconductor processing. Since MRA
is inherently nonvolatile, it can potentially enhance or
place existing semiconductor memory devices such
FLASH, SRAM, and DRAM.

In comparison with the mature hard disk or semicond
tor memory technology, however, MRAM is still in its in
fancy. The industrial research laboratories are confron
with many technical challenges ranging from circuit desig
processing, testing, packaging, and so on. But nothing
more pressing than solving the magnetic switching proble
These practical problems are intertwined with fundamen
micromagnetics. For example, in a functional high-dens
MRAM chip, 100% bit selectivity is required. Less tha
100% selectivity means a poor yield and therefore a h
production cost. High bit selectivity means a high degree
control of magnetic switching in millions of MRAM devices
While the industrial research laboratories are gaining suc
in many technical areas, however, full selectivity in a lar
array ~megabyte array! has not been achieved. On the oth
hand, the poor selectivity is not a simple process con
issue as it is in semiconductor memory technology. It is
lated with magnetic switching anomalies, which in turn
due to the presence of microscopic magnetization config
tions. The solution to this problem requires an in-depth
derstanding of the micromagnetics. In this paper, we st
the fluctuation of the switching field as a function of tem
perature in nanostructures.

We found that for samples with thicknesses of 200 Å,
switching field fluctuations increases with temperature
This is illustrated in Fig. 1 where we show the fluctuation
the switching fields normalized by the switching fieldHc as
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a function of temperature. On the other hand for samples
thicknesses of 100 Å,s decreaseswith temperature. This is
illustrated in Fig. 2 where we show the fluctuation of th
switching fields (1) and the switching fieldHc/3 (!) as a
function of temperature.~Because the behavior ofs andHc
is similar, their ratio would not show much temperature d
pendence. Thus we have not plotted this ratio in this grap!
s exhibits oppositetemperature dependences for these t
samples. In contrast, the switching field for these samp
always decreasesapproximately linearly with temperature.1,2

Simulation of the micromagnetics provides for snapshots
the magnetization configurations during the switching p
cess in addition to the finite field magnetization configurat
before the onset of switching. The simulation suggests
the finite field steady-state configurations before the onse
switching to be similar for these high aspect ratio~5!
samples and consists of edge domains. An example of th
shown in Fig. 3. A snapshot of the configurationsduring the
switching suggests the mechanism of switching to be diff
ent for these two samples, even though the configura
before the onset of switching looks the same for bo
samples. For the first case, the switching is initiated throu
the nucleation of a vortexlike nucleus, as is shown in Fig

FIG. 1. The fluctuation of the switching field normalized by th
switching field of small magnetic structures as a function of te
perature. The structure consists of arrays of permalloys of dim
sion 0.2mm31 mm3200 Å. The symbols are the experiment
results. The line is the theoretical prediction.
©2004 The American Physical Society17-1
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For the second case, the edge domain wall is depinned f
the sides of the sample, as is shown in Fig. 5. Simulations
different field strengths suggest that the transition betw
the two mechanisms occurs for a thickness between 200
225 Å. Garcia and co-workers3 have performed MFM imag-
ing on permalloy elements of lower aspect ratio~less than or
equal to 3! at different field strengths. They found that th
domain pattern is affected by the magnetic tip of the MF
Two different kinds of patterns were observed for samples
the same dimension. Our result differs from theirs in seve
aspects. First of all, our aspect ratio is larger. Second,
differences we observe occur only during the onset
switching. Because the switching usually takes a nano
ond, it is not possible to observe experimentally the magn
configurations during the switching process. Finally, the d
ferences observed by Garcia is for the same type of sam
whereas the differences reported here are for samples of
ferent thicknesses. We performed analytic calculations
fluctuation for the two different switching mechanisms a

FIG. 2. The switching fieldHc and the fluctuation of the switch
ing field, 2s, of small magnetic structures as a function of tempe
ture. The structure consists of arrays of permalloys of dimens
0.2 mm31 mm3100 Å. The symbols are the experimental resu
The lines are the theoretical predictions.
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were able to obtain the opposite temperature dependen
The fits to the experimental results are shown by the line
Figs. 1 and 2. We now describe our results in detail.

II. 200 Å THICK FILMS

The experiments are carried out on NiFe films pattern
to arrays consisting of 200 nm31000 nm identical element
using electron-beam lithography and ion milling. The ma
netization measurements were performed using a super
ducting quantum interference device magnetometer. In re
lar magnetic hysteresis the reversible magnetization du
the magnetization rotation would make the apparent swit
ing field distribution broader. In order to eliminate the r
versible magnetization contribution, magnetization rem
nenceM was measured.8 The dM/dH curve was then fitted
to a Gaussian. Both the mean field and the standard de
tion, s, were obtained for different temperatures. We ne
turn our attention to our explanation of these phenomena

First we discuss the case of the thicker samples, where
effect of nucleation is important. The thicknesses of o
samples are much smaller than the magnetic length of
malloy ~of the order of a micrometer!. The spins perpendicu
lar to the sample plane are parallel to each other and
treated as belonging to a single block spin. Thus we
consider the sample as two dimensional. We first expl
why vortex formation is more important in thicker films. Fo
thin films, the spins perpendicular to the film plane line
and form a block spin. The magnetizationM per block spin is
thus proportional to the thicknesst of the sample; the dipola
interaction between the block spins is proportional toM2 and
hence tot2. In contrast the other interaction energy of
block spin such as the exchange, the anisotropy, and the
teraction energy with an external magnetic fieldH is propor-
tional to t. The dipolar energy favors the formation of stru
tures with a minimum amount of free magnetic charges s
as vortices. It is this increasing importance of the dipo
interaction that leads to the nucleation of a vortexli

-
n
.

in

ng
m

FIG. 3. A snapshot of the steady-state sp
configuration at a field (H/Hc50.925) near the
onset of switching for parameters correspondi
to that of Fig. 1. The results are obtained fro
Monte Carlo simulations.
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FIG. 4. A spin configuration during the
switching for parameters corresponding to that
Fig. 1. The results are obtained from Monte Car
simulations.
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nucleus in thicker films. We next discuss the physics of
nucleation process.

At finite temperatures, the switching usually occu
through thermal activation over a barrier such as nucleat
For materials with macroscopic dimensions, many nuclea
centers occur and the average over these centers determ
the switching field. When the sample size becomes sm
enough, only one nucleus occurs within the sample. The
currence of this nucleus is a random process with a proba
ity determined by the laws of statistical mechanics. Th
there is an intrinsic fluctuation of the switching field. Th
fluctuation can be called mesoscopic because there usua
only one nucleus and it is not possible to average over m
nuclei.

Let w(Hc
0 ,H,T) denote the probability of forming a

nucleus at magnetic fieldH and temperatureT. The probabil-
ity that the switching field occurs betweenH andH1dH is
given by the product of the probability that the switching h
not yet occurred times the probability that it will occur in th
field range, i.e,4
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p~Hc
0 ,H,T!5F12E

0

H

p~Hc
0 ,H8,T!dH8Gw~Hc

0 ,H,T!.

~1!

The solution of this equation is

p~Hc
0 ,H,T!5w~Hc

0 ,H,T!expS 2E
0

Hw~Hc
0 ,H8,T!dH8D .

~2!

For a thin magnetic film, the nucleation barrier is genera
of the functional formEb5C(Hc

02H)a, where Hc
0 is the

zero-temperature switching field andC a constant scaling
with the thickness of the film. When the external field
along the easy axis of the sample,a51.1 The switching
probability is thus given by a Boltzman distributio
w(Hc

0 ,H,T)5aexp(2Eb /kBT). Carrying out the integral in
Eq. ~2!, the distribution function of the switching field is the

p1~Hc
0 ,H,T!5a1ef 1(H), ~3!
n
d-
m

FIG. 5. A snapshot of the spin configuratio
during the switching for parameters correspon
ing to that of Fig. 2. The results are obtained fro
Monte Carlo simulations.
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with f 1(H)52bC1(Hc
02H)1(a1 /bC1)e2bC1Hc

0

2(a1 /bC1)e2bC1(Hc
0
2H). The integrals for the averag

^Hn&5*pHn can be obtained via the saddle-point metho
From @] f 1(H)#/]H50, we get the pointHc1(T) with the
maximum probability: Hc1(T)5Hc

02(1/bC1)ln a1 /bC1.
Expanding f 1(H) around Hc1(T), we have f 1(H)
5 f 1(Hc1)2 1

2 b2C1
2(H2Hc1)2. Thus the switching field dis-

tribution function is Gaussian and the Gaussian width iss1
5(kB /C1)T. Hc1(T) is approximately equal to the averag
switching field^H&. From this, the mean switching field an
its intrinsic fluctuation shown is obtained.

In real materials,extrinsiceffects such as impurity effects
edge effects will also affect the switching transition. We
corporate these effects phenomenologically by assumin
Gaussian distributiong for the zero-temperature switchin
field Hc

0 with a width b that can be adjusted,g(Hc
0)

}e2(Hc
0
2Ha)/2b2

. The averaged distribution function of th
switching field are then

q1~H,T!5E
0

`g~Hc
0!p1~Hc

0 ,H,T!dHc
0 . ~4!

The averaged switching field and the Gaussian width can
calculated numerically,

Hc~T!5E
0

`Hq1~H,T!dH,

~dHc!
25E

0

`H2q1~H,T!dH2Hc~T!2. ~5!

From these, the solid line in Fig. 1 is obtained. (Ha
5300 Oe,b5130 Oe,a51014, andC52310214.!

When the external field is oriented at a finite angle w
respect to the easy axis, in the expression for the nuclea
barrier Eb , the exponent a51/2.5 In this case,

w2(Hc
08,H,T)5a2e2bC2(Hc

082H)1/2
. Substituting this into Eq.

~2!, we obtain

p2~Hc
08,H,T!5a2ef 2(H), ~6!

with

f 2~H !52bC2~Hc
082H !1/21~2a2 /b2C2

2!

3ebC2AHc
08~bC2AHc

08 1 1! 2 ~2a2 / b2C2
2!

3e2bC2(Hc
082H)1/2

@bC2~Hc
082H !1/211#.

We find that the average switching field decreases with aT2

proportionality and the Gaussian widths2(T)}T2. We next
turn our attention to the thinner film case.

III. THINNER FILMS

The physics of interfaces have witnessed tremendous
tivity over the last twenty years. The pinning of doma
walls in two dimensions has been discussed in the contex
the roughening transition previously.6 We shall study the de
06441
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pinning of the edge domain wall following the formalism
developed in this work. We discretize they dimension intoN
sites separated by a distancea and approximate the configu
ration of the domain wall by specifying the height$hi% at
distanceia from they edge of the sample. The energy of th
domain wall is described by

E~$hi%!5(
i

N

@ f ~ uhi2hi 11u!1V~hi2dxi !#, ~7!

where f 5k(hi2hi 11)2/2 comes from the surface tension
the domain wall;V5V02hH whereV0 is the pinning po-
tential of the wall andH is the external magnetic field; an
dxi denotes the roughness of the edge. Numerical estima7

suggests thatV0 comes from a domain-wall energy and
dipolar contribution which is of much shorter range.

First we study the straight edge case with the fluctuat
dxi50. At zero temperature the equilibrium positionh0 of
the domain wall is determined by the equationV8(h0)5H.
We expand the energy to second order in the change of
wall position dh from this equilibrium position. We obtain
E5(qudhqu2vq

2 where hq5( jexp(iqj)hj and vq
25kq2

1V9(hi
0)/2. The depinning instability occurs whenvq50

50. This implies

V9~hc
0!50. ~8!

From this the critical field can be obtained.
We next look at the temperature dependence. The n

equilibrium position hi
0(T) is now determined by

^V8„hi
0(T)…&T5H where the angular brackets with a su

scriptT indicate thermal averages. Similarly, the critical fie
is determined from the equation

^V9„hi
0~T!…&T50. ~9!

At low temperatures the thermal averages can be obtaine
follows. We writeh5h01dh, wheredh is from the thermal
fluctuation. The thermal averages are then taken with res
to dh. For example, ^V9(h0)&T5V9(h0)1V-(h0)^dh&T
10.5V-8(h0)^(dh)2&T . In general ^dh&T50 and ^dh2&T
}T. From this we find that the changes of bothh0 and Hc
are linear functions of temperature. Similarly, keeping t
next order provides an additional correction proportional
T2. This change is a sum of two terms, one from the cha
of h0, the other from the difference betweenV8 and ^V8&.

We next incorporate the effect of rough edges so t
dxiÞ0. First we discuss the zero-temperature situation.
expand the new equilibrium positions of the domain w
around the zero-temperature value and write it ashc

01dhi
0 .

The magnetic field is written asH5Hc1dH. The domain-
wall positions are determined byV8(hc

01dhi
02dxi)2Hc

2dH1k(2dhi
02dhi 11

0 2dhi 21
0 )50. ExpandingV, we get

~dhi
02dxi !

2V-/21k~2dhi
02dhi 11

0 2dhi 21
0 !2dH50.

~10!

The V8(h0) term is canceled byH; V9(h0)50.
We now solve this equation with a mean-field approxim

tion. Let us call the mean valuêdhi
0&5dh. Equation~6!
7-4
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reduces to the following equation: (dhdhi
022dhdxi

1dxi
2)V-2dH1k(2dhi

02dhi 11
0 2dhi 21

0 )50. The solu-
tion of this can be carried out in Fourier space and is giv
by dhq

05@22dh(dx)q1(dx2)q2dH8#/(k8q21dh), where
k85k/V- anddH85dH/V-. From this we obtain the self
consistent equation fordh: dh222dhd x̄1d x̄22dH/V-
50. We get

^dhi
0&5d x̄6@~d x̄!22 d̄x21dH/V-#0.5, ~11!

where d x̄5(( idxi /N) and d̄x25(( idxi
2/N). The angular

brackets indicate impurity averages.
Again the switching field is determined from the cond

tion that the lowest normal-mode frequency is equal to ze
The normal-mode frequency is determined from the ene
changedE of the system when the domain-wall positions a
changed bydhi . They are determined by the energy chan
V9(h01dhi

02dxi)dhi
2/21k(dhi2dhi 11)2. We get E5E0

1dE, whereH05( iV9(hi
0)dhi

21k(dhi2dhi 11)2 and dE
5(qkq2udhqu2( i(dhi

02dxi)V-(h0)dhi
2 . The change of the

energy can be determined from perturbation theory asDE

5^0udEu0&. From this we obtain the equation̂dh&5d x̄.
n,

.

06441
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The quantity under the square-root sign in Eq.~11! must be
zero. Generalizing to finite temperatures we find that
change of the switching field at a finite temperature is giv
by

^dHc&T5^V-&T@ d̄x22~d x̄!2#. ~12!

As the temperature is increased, the potential softens. T
both the switching field and its fluctuation decrease w
temperature as sums of terms that are linear and quadra
T, as is shown in Fig. 2.

In summary, we show that the fluctuations of the switc
ing field exhibit opposite temperature dependences from
malloy structures of different thicknesses. We propose t
this is due to different switching mechanisms for the tw
cases. Analytic calculations are presented to explain th
phenomena.
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