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Magnetization switching of a magnetic wire with trilayer structure
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The switching fields of magnetic wires with trilayer structure consisting of NiFe/Cu/Co were
investigated using giant magnetic resistance effect. The switching fields of both magnetic layers
were observed to be inversely proportional to wire widlf50-520 nm We found that the
magnetization of the NiFe layer switches under much lower applied field than in the case of single
layer structure by the assistance of the stray field from the magnetic charge of Co at the edge of the
wire. Attaching a pad at one end of the wire causes drastic decrease of the switching field. We
investigated pad shape dependence of the switching field of the Co layer. For the sample with a
square pad we measured the temperature dependence of the switching field between 5 and 300 K.
The dependence at low temperatures between 5 and 50 K can be described by the model on
thermally assisted magnetization reversal over a simple potential barrie2000 American
Institute of Physicg.S0021-89780)03924-4

I. INTRODUCTION have already succeeded in measuring the velocity of a mag-
netic domain wall propagating in a wifdt is also an advan-
Magnetic behaviors of mesoscopic systems have becontage that our detection technique using GMR effect has no
an updated topic both from scientific and technologicallimitation on temperature and magnetic field as far as resis-
points of view. However, in general, experimental studies otance measurement is possible. In this article, we report on
magnetic nanostructures have been made on samples consiste switching fieldH,, of the two types of samples consist-
ing of a large number of nearly identical particles, since coning of NiFe/Cu/Co. One of the two types of wires has a
ventional measurement techniques are not sensitive enouglymmetric shape with flat ends, while the other is connected
to measure the magnetization of a single particle. Most ofo a pad(large arepat an endsee Fig. 1 We introduced the
single-particle or single-wire properties are inevitably hiddenwire with a pad for the purpose of specifying the direction of
behind the distribution of size or shape. Recently experimendomain wall propagation in the magnetization reversal
tal studies of an individual magnetic particle have becomeprocess? For the wires without a pad, we present the results
possible with the techniques such as magnetic force micro®f width dependenc€150-520 nm and influence on the
copy (MFM),1 Lorentz microscop)?,electron ho|ograph§’ switching field of the NiFe layer from stray field from the
ballistic Hall micromagnetometyand microsuperconduct- magnetic charge of Co at the edge of the wire. For the wires
ing quantum interference devi¢8QUID) magnetometry:® (150 nm width with a pad we present the results of pad-
However, these experiments are only carried out under limshape dependence on the switching field of Co layer at 300 K
ited temperatures and magnetic fields. and temperature dependence over a wide range from 5 to 300
As reported in a previous papéwe demonstrated that a K specially for the wire with a square pad.
very small magnetization change in a single NI nm)/
Cu(10 nm/NiFe(5 nm) trilayer wire with 0.5um width can |l EXPERIMENTAL PROCEDURE

be detected by using the noncoupled type giant magnetore- Figyre 1 shows schematic illustrations of the top views
sistance(GMR) effect. In very narrow ferromagnetic wires, of typical wire samplega) without a pad andb) with a pad.

the magnetization iS reStriCted to direCt parallel to the WireThe Wire W|thout a pad has a Symmetrica' Shape W|th two ﬂat
axis due to the magnetic shape anisotropy. Normally, it isends, while the wire with a pad is connected to a square pad
considered that magnetization reversal takes place by nuclgg 5x0.5,.m?. All samples measured in this work have
ation and propagation of a magnetic domain Wallh this  four current—voltage probes made of a nonmagnetic mate-
case the GMR change is directly proportional to the magnirial, Cu, to eliminate the disturbance of magnetization of the
tude of the switching layer magnetization. Therefore, wewire by magnetic probes. The samples were fabricated onto
thermally oxidized Si substrates by means of e-beam lithog-

dAuthor to whom correspondence should be addressed; electronic mair?-phy and |iﬁ9ff techniques in two steps as fOlIF)WS. In _the
shigeto@scl.kyoto-u.ac.jp first step, a wire was patterned and the trilayer film of NiFe/
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FIG. 1. Schematic illustrations of the top views of the typical two types of
wires. Both of them have four current—voltage probes made of a nonmag-
netic material, Cu.

Cu/Co was deposited at a rate of 0.03 nm/s by electron-beam
evaporation in a vacuum of X110 8 Torr. In the second
step, the Cu probes were patterned to make electrical contact
to the wire. Cu probes were also deposited by e-gun evapo-
ration at a rate of 0.1 nm/s. Thickness of the Cu probes is
150 nm. The distance between voltage probes ig20 All
magnetoresistand®IR) measurements were performed with

a constant dc current of BA. Shape and size of the samples
were checked by using a scanning electron microscope
(SEM) after MR measurements.

Ill. RESULTS AND DISCUSSION
A. Width dependence of the wire without a pad

Figure 2 shows typical resistance changes of the trilayer
systems as a function of applied magnetic field parallel to the
wire axis at 300 K; the width of the wiresw
=150,340,520 nm) is marked in each MR curve. The samplg
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FIG. 2. Resistance as a function of the external magnetic lfigldparallel
to the wire axis at 300 K for various wire widths 520, 340, and 150 nm. The
chematic illustration shows the sample consisting of NI nm)/Cu(20

shape is also schematically shown in Fig. 2. All wires havenm)/co(20 nm for width dependent measurements. Sweep rate of the ex-

the same trilayer structure of Niz0 nm/Cu(20 nm/Co
(20 nm). Prior to the measurement, a magnetic field of 3000
Oe was applied in order to align the magnetizations in one
direction. Then the resistance was measured with sweeping

ternal field is 6 Oe/s.

the field towards the counterdirection at the rate of 6 Oe/sat zero field when the magnetization configuration of both
As far as the counterfield is smaller than the switching fieldmagnetic layers parallel is 104 cm for all wires.

H, of the NiFe layer, both magnetizations of the NiFe and

The measurediy, has a stochastic nature. Therefore, we

the Co layers align in parallel and the resistance takes theonstruct histograms of thdg,'s from 30 MR curves. As
smallest value. When the applied magnetic field exceeds thehown in Fig. 3, the width of the histograms is narrow
H, of the NiFe layer, the resistance abruptly increases andnough to discuss the values of tHg,,'s for all cases. In

stays at the largest value until the field reacheghgof the

particular, for the Co layer we notice a tendency that the

Co layer, and then the resistance abruptly decreases to thistribution width decreases with decreasimgThis is most
smallest value. In this case, the resistance increase at lowkkely caused by the decreasing of the degree of freedom in
field corresponds to the magnetization switching of the NiFghe wall nucleation process with decreasing
layer and the resistance decrease at higher field corresponds We plotted the mean value of th,, both for the NiFe
to the magnetization switching of the Co layer. The sudderand Co layers as a function ofulin Fig. 4(a). Thew of the
leaps of resistance indicate that the magnetic domain wallires was determined by SEM. We found that the switching
nucleation field for both NiFe and Co layers are much largefields of both magnetic layers are proportional tev1jw
than the critical field for the wall propagation. The resistivity =150—-520 nm). This relation reminds us of an equation of
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FIG. 3. Histograms of the switching field,, of the NiF€20 nm) layer and

trilayer wire. X is Cu layer thickness and(Co), is the parallel component
of the stray fieldH from the magnetic charge of Co layer at the edge of the

Co(20 nm) layer for various wire widths 520, 340, and 150 nm, obtained by wire.

repeating the MR measurements 30 times.

the average hard axis demagnetizing field,*~1* which

can be estimated as

AL
d_wz,

oY)

of Co and NiFe, respectively. However the ratio of the two
slopes is about 6.6 which is much larger than the estimation.
We found this disagreement is caused by the fact that the
magnetization of the NiFe layer in the trilayer structure of
NiFe/Cu/Co switches under much lower applied field than in
the case of single layer structure by the assistance of stray

wheret is the film thicknessM; the saturation magnetiza- fie|d from the magnetic charge of Co at the edge of the wire.
tion, andpu, the vacuum permeability. Magnetization rever- |, the next section we discuss this point.

sal certainly takes place by nucleation and propagation of the
magnetic domain wall because the obser¥tg, is much
smaller than theHy. However the process of the domain
wall nucleation was accompanied by the tilt of the magneti-  Our samples have trilayer structures to detect the mag-
zation to the hard axis in the plane. Therefore it seems thaietization switching using GMR effect. The magnetization
there is correlation betweethy andHy,,. In Eq.(1) Hgisnot  of a magnetic wire is restricted to direct parallel to the wire
only proportional to M but also proportional tdMs. The  axis due to the magnetic shape anisotropy. Therefore mag-
ratio of the slopes of the two lines in Fig(@ should then be  netic charges are located only at both ends of the wire, from
coincident with the value ofMSYMY™®=1.79T/1.08 T  which the stray field radially flows out. Of course the mag-
=1.6, whereM $° andM '™ are the saturation magnetization nitude of the stray field rapidly decreases out of the edge and
the magnetic field is effective only near the edge. Schematic
illustrations of the side view at the left edge in our sample

B. Influence of the trilayer structure

FIG. 4. AverageH, of the NiF€20 nm) layer and C@0 nm) layer as a

1400 ‘ ' ‘ are shown in Fig. 5, where both magnetizations direct paral-
1200 m co ] lel. The important thing is that the domain wall nucleation
1000 o nire ] which is closely related witli,, takes place at the edge of
g 800k 1 the wire. Therefore there is a possibility that tHg,'s ob-
= served in this study are values affected by the stray field
I% 600 E from the magnetic charge of the another magnetic layer.
400¢ : Only for the layer with the smalledg,, the NiFe layer
200k ] in this article, we can detect the effect of the stray field from
_.,_._-—/"'_ the such MR measurements as shown in Fig. 6. The MR
09000 0.002 0004 0006 0.008 curve in Fig. 6 is for the wirew=150nm) with a trilayer
11w () structure of NiFE20 nm/Cu(20 nm/Co(20 nm). After the

function of the inverse of the wire width at 300 K.

magnetic field was swept from3000 to 400 Oe at 6 Oe/s
parallel to the wire axis, the field was swept to the counter-
direction at the same rate. We define tHg, with sudden

Downloaded 06 Mar 2008 to 130.54.110.22. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



J. Appl. Phys., Vol. 88, No. 11, 1 December 2000

st(')

261.0} /.__ o
o 260.5F
[0]
S 260.0f l T
8
© 2595;
Q
€ 2500 Heu(+)

-1000-750-500-250 0 250 500 750 1000

H,, (Oe)
Hau(+)
Co ==
A NiFe =—=1
st(')

FIG. 6. Resistance as a function of the external magnetic lfigldparallel

to the wire axis at 300 K for 150 nm wire width. How the external field was
applied is shown by arrows. The measured wire consists of (R@Fam/
Cu(20 nm/Co(20 nm. The magnetization alignment before and after the
two Hg,'s are schematically shown.

resistance increase &k, (+) and theHg, with sudden re-
sistance decrease &b,,(—). Both Hg,(+) and Hg,(—)
correspond to thélg,'s of the same NiFe layer, nevertheless
there is great difference in magnitude between khg(+)
and theH,(—). Considering the difference of the relative
magnetization configuration of the two layers, we can exFIG. 7. (a) Cu layer thicknesX dependence dfis,(—) andHg,(+) at 300
plain this difference as follows. Schematic illustrations of theK: The measured wiresw=150 nm) consist of NiF€0 nm/Cu(X nm)/
magnetization configurations before and after the Bug's
are shown in Fig. 6. For simplicity, we assume that only the

parallel componenki (Co); to the wire axis of the stray field distribution. The distributions in models Il and 1l are typical

from the magnetic charge of Co layer at the edge of the wirgynes reported in the previous repdtt and we also ob-
works on theHg,,. We can then describe thé,,(+) and

Ho(—) as
Ho(+)=Hgs(0) —H(Co), @
[Hew( —)|=Hs(0) +H(Co)’

whereHg,(0) is theH, of the NiFe layer in the case of a
single layer. Equatioi(2) explains that the magnitude of the

Hsvv(_

) is larger than that of thedg,(+) if the sign of

H(Co), is positive. Moreover from Eq.2) we find that we

can estimate

Hew( —)| —
H(Co)”=| Sl

Hou(+)

2

©)

In Fig. 7(a) we plot theH,(+)’s and theH,(—)’s at 300 K
as a function of the Cu layer thickne¥ssandwiched be-
tween NiF€20 nm layer and C@0 nm) layer. Thew of the
measured wires in Fig.(@) is 150 nm. In Fig. T) we show
the H(Co),’s estimated from Eq(3) using the experimental
data in Fig. Ta) and calculatedH (Co),’s based on the mod-
els |, I, and Il (Fig. 8). For calculating theH(Co),'s we
assumed three kinds of magnetization distribution in thdated value based on model Ill.
Co(20 nm layer. Figures &), 8(c), and §e) represent the
top views of the assumed magnetization distribution at thé€+) andHg,(—) on w for the wires consisting of NiR20
left edge of the wire. Model | is the case of the homogeneousm)/Cu(20 nm/Co(20 nm in Fig. 9a). The dependence of
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tained them by solving the dynamic Landau-Lifshitz—
Gilbert equation to minimize exchange and magnetostatic
energies. Figures(B), 8(d), and &f) are the corresponding
distributions ofH(Co), at the center of the NiFe layer for
X=20nm, assuming that the distance between two magnetic
layers isX+ 20 nm. In the calculation of thid (Co), we used

a square mesh 4<4.7nnf. In Fig. 7(b) we plotted the
maximum values evaluated on the NiFe layer f&r
=10,20,30,40 nm and lines are guides to the eye. The calcu-
lated values by model Ill show nearly the same as the ex-
perimental values foX=20,30,40 nm, while the calculated
values by models | and Il show much larger values than the
experimental values. This is due to the fact that magnetic
charges in model Il are less concentrated at the end of the
wire than those in models | and Il. From this result it is
suggested that the magnetization distribution with vortex
structure as we assumed in model Il is realized in this ex-
periment although the detail structure may be different.
However, we are not sure of the reason why the experimental
value for X=10nm is significantly smaller than the calcu-

We also present the results of the dependenceél Qf
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FIG. 9. (8 Hg(—) andHg,(+) as a function of wire width at 300 K)
H(Co), as a function of wire width. The measured wires consist of KiBe
nm)/Cu(20 nm/Co(20 nm.

(d)

wire (w=150nm) has no effect on thdg, for the NiFe
Model Il layer, while for the Co layer that results in the drastic de-

crease of théd, in Ref. 10. It is obvious that in the case of

{E) trilayer structure consisting of NiFe/Cu/Co magnetization of

the NiFe layer switches under much lower applied field than
in the case of a single layer structure by the assistance of the
H(Co),. The H(Co), causes a larger decreaseHdi, than
attaching a pad and therefore we cannot observe the effect of
attaching a pad on the NiFe layer. Actually in the case of the
NiFe wire with single layer structure, attaching a pad to the
FIG. 8. (Colon (a), (c), (e) Top views of the assumed magnetization distri- Wire certainly has the effect of decreasing the switching field

bution of the C¢20 nm) layer at the left edge of the wirav=150 nm).(b),  and the domain wall is always injected into the wire from the
(d), (f) Corresponding distributions dfi (Co), at the surface of the NiFe padl7,18

layer for X=20 nm.

(f)

C. Pad shape dependence of the wire with a pad

For the wire (v=150nm) consisting of NiF&0 nm)/

the estimatedH(Co), from Eq. (3) using the experimental CU(20 NM/Co(20 nm with a pad, we examined pad shape

data in Fig. 98 on w is shown in Fig. %). The H(Co),
decreases with increasing. According to our calculation,

the maximum value oH, does not depend on the width of 1400

the wire if we assume the similar distribution of magnetiza- 1200f m

tion. Probably our assumptions are too simple to understand 1000k _

our all results. For example, we consider only the parallel & @ NFe(comected value)
component of the stray field and moreover consider only the ) 800¢

maximum value of theH,. Using the experimentally ob- & %0

tainedH (Co), values it is explained why the ratio of the two 400}

slopes in Fig. 4a) is much larger than the expected value. 200f

CorrectedH ,, of the NiFe layer by considering thé(Co),’s 0 ! . :
in Fig. 9(b) is also proportional to ¥ and the ratio becomes 0000 0.002 0004 0.006 0.008
the value of 1.7 which is very close to the expected value of 1/ w(nm")
1.6 (Fig. 10.

7 FIG. 10. AverageH, of the NiF€20 nm) layer and C@0 nm) layer as a
The existence of thel(Co), can also be the reason Why  function of the inverse of the wire width at 300 K. The,, of the NiFg20

attaching the square pad (8.5um?) at one end of the nm) layer is the corrected value by considering HECo), .
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r 600f m ] This wire has a single layer structure of @6 nm).
500f 2
40910 0 10 20 30 40 50 60 70 80 90 domain wall is pinned at the mouth of the wire, the effective
8 (degree) field which pushes the pinned wall toward the wire axis is
1000 [ e cosd of the applied field. While all data are on the line for
(c) 900t f ] the wire with a square pad, for the wire with a circle pad the
05 um / Hgy only for #=0° is much larger than the expected value
3 800r ° 47 / ] and for the wire with a diamond pad thk,’s for #/=0° and
9; 700 [ 1 30° are off the line. The data plotted in Fig. 11 are average
T 600 - / ] values of the histograms shown in Fig. 13. The histograms
// obtained by repeating MR measurements 30 times give us
500F  ——u ] more information. The distribution width for the wire with a
. square pad is generally narrower than that for the wire with a

400 b
10 0 10 20 §0d40 50 60 70 80 90 diamond pad. This result is probably attributed to how the
(degree) wires are connected to the respective pads, because it is de-

FIG. 11. Angular dependence of th,, of the Co layer at 300 K for ~ Cided whether the mouth part of the wire works as a well

various wires with(a) a square padp) a circle pad; andc) a diamond pad. ~ defined pinning site for the magnetic domain wall or not over

The pad shapes are schematically shown. The lines are fits to be propojfha entire range of the angle However, it seems that the

tional to 1/cosp. reason of disagreement with the expected valug=ab° for

the circle pad cannot be explained by this viewpoint because

the histogram shows narrower distribution than that for the

: . square pad. In this case there is a possibility that the ten-
Iayer at 300 K asa fupcﬂoq of the gng@ebetwgen .the wire dency to be realized the flux-closure domain structure within
axis and the applied field direction is shown in Fig. 11. The,

. N the pad area plays an important role to decideHkg. In the
applied magnetic field is in the substrate plane. As SCherm’lthext section we report on the temperature dependence of the
cally illustrated in Fig. 11, we prepared wires with three

. X H,, of the Co layer especially at=30° for the wire with a
types of pad(a) square pad(b) circle pad, andc) diamond W . !
pad. For all types of pad, thd, for the Co layer was much square pad, for which we can describe the obseRggby

smaller than thé1,, of about 1000 Oe in Fig. 2 for the wire simply assuming that the effective field to the pinned wall is

without a pad. Therefore, we are sure that the domain wal?ose of the applied field.

nucleates in the pad at a smaller field than the nucleation

field at the end of the wire and is pinned at the mouth of the o

wire until Hg, at which field the wall is injected into the D- Témperature dependence of the switching field for

wire1% In Fig. 12, a MFM image of the wire with a square the wire with a square pad

pad is presented. This wire consists of a singlé20onm) A wire (w=150 nm) with a square pad as shown in Fig.
layer. The image was obtained in absence of magnetic fieldl(b) was prepared. This wire is composed of NZE& nm)/
We are sure that a pinned wall exists at the mouth of the wir€u(20 nm/Co(20 nm. The sample was cooled down to
in Fig. 12. The purpose of specifying the direction of domain5 K under zero magnetic field and MR measurements at the
wall propagation in the magnetization reversal prote¥s®  angle #=30° were performed from 5 to 300 K with a con-
is accomplished in all cases. However, for the angular destant current of 5uA. The angle ofd=30° was chosen be-
pendence of thédg,, the three types of wires show their cause the histogram of tht, showed the narrowest distri-
respective features. The lines in Fig. 11 are fits based on theution width for this angle. Prior to the MR measurement at
assumption that thel, is proportional to 1/co8. When the a fixed temperature, a magnetic field 63000 Oe was

dependence of the, for the Co layer. ThéH, for the Co
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FIG. 13. Histograms of thélg,'s of the Co layer at 300 K. The data in Fig. 11 are the average values of the data in these histograms.

applied in order to align the magnetizations in one directionpositive direction(+) by applying the field of 3000 Oe at
negative direction(—). Then the resistance was measured300 K. On the other hand in the series(ef), in advance of
with sweeping the field towards the counter direction, posithe cooling process we aligned the magnetizations to the
tive direction(+), at the rate of 6 Oe/s. The MR measure- negative directior{—) by applying the field of~3000 Oe at
ments were repeated 30 times to obtain the avekhageat 300 K. The direction of the magnetization is preserved when
each temperature. The inset of Fig. 14 showsHhgs of the  the applied field is reduced to zero. In the inset of Fig. 14 we
Co layer as a function of temperature in two different mea-notice that two series branch off at low temperatures below
surement serie$;—) and(+). The difference of the two mea- 50 K. This difference oHg,, depending on the magnetization
surement series is as follows. We distinguished the differdirection during cooling process can be caused by the oxi-
ence of the magnetization direction during cooling processlized (antiferromagnetic surface layer. Unidirectional an-
down to 5 from 300 K. There are two possible directionsisotropy for magnetic nanoparticles under field cooling have
parallel to the wire axis. For the definition of two directions, been reported by another grou§s?? Figure 14 plots the
we obeyed the definition of applied field direction. Namely average of two serie§(—)+ (+)]/2. By this procedure, we

in the series of +), in advance of the sample cooling down expect that the effect from the bias field caused by the oxi-
to 5 K under zero field, we aligned the magnetizations to thealized surface layer is canceled.
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The line in Fig. 14 is a fit using the Kurkijai modef® Cm T H (0¢)
which is based on the assumption of éfé on thermally 1 o
assisted magnetization reversal over a simple potential bar- °f 200K 4 o 200K
rier. This model fairly well describes our data at low tem- 02 (+)
peratures below 50 K. In this model the temperature depen- = t 1.,

dence of theH, is calculated to &2’
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FIG. 15. Histograms of thélg,'s of the Co layer at each temperature. The
wherev=6 Oe/s is the field sweep rate ahig is the attempt data in Fig. 14 are the average values of the data in these histograms.

frequency. Values aE, in the range from 1dto 10> may
be expected and we assumE,=10'""Hz in this article. In
introducing Eq.(4), for the magnetic field dependence of between the pad and the wire has different structure in detail
energy barrier height, a simple analytical approximation isat every field sweep and this causes the drastic broadening of

HSWEHO{l—

used?® the distribution width below 100 K. Fortunately this value of
TREL 100 K is much smaller than 16 000 K estimatedggs This
E(H)= Eo( 1— H_) , (5)  is probably the reason why the model assuming only a single
0

potential barrier describes well the temperature dependence
whereE, is the energy barrier at zero field amtt, is the  Of the averageds,.
switching field at zero temperature. From this fit using Eqg.
(4) with neglecting theH,-dependent part in the denomina-
tor of the logarithmic term, we obtaiH,=1117 Oe andg,,
=16 000 K. On the other hand the data at higher than 50 K We measured the magnetization switching fields of a
cannot be fit by Eq(4). The reason is not clear at the presentsingle magnetic wire consisting of NiFe/Cu/Co using non-
stage. However, in the model used here, it is assumed thabupled type GMR effect. For both magnetic layers, we ob-
the magnetization reversal proceeds only through the lowesterved that the switching field is inversely proportional to the
energy pass. Therefore, there is a possibility that in highewire width (150-520 nm The measured switching field had
region of temperatures the assumption is not suitable. the character of a stochastic variable and the distribution
Finally we point out a marked result on th&,, distri-  width decreases with decreasing the width of the wire.
bution dependence on temperature. As shown in Fig. 15 the We obtained the much different values as the switching
distribution width of theHg,’s drastically changes between field of the same NiFe layer corresponding to the relative
100 and 150 K. The histograms for both the) series and magnetization configurations between NiFe and Co layers.
(+) series show the same tendency. Our sample has a polyhis can be explained by the stray field from the magnetic
crystalline structure with grain sizes of about 10 nm and thecharge of the Co layer at the edge of the wire. This effect is
width of the domain wall in our sample is expected to be thedecreased with increase of the sandwiched Cu layer thick-
same size as the wire widffi>! This means that there are ness. Moreover, this effect is decreased with an increase of
more than 200 grains in the area of the pinned magnetithe wire width according to the fact that magnetic charges
domain wall. Because magnetocrystalline anisotropy existdistribute over a wider area around the edge of the wire with
in each grain, it seems that the magnetic domain wall pinnethcrease of the wire width.

IV. CONCLUSION
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