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Magnetic domain reversal in ultrathin Co(001) films probed by giant
magnetoresistance measurements
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The magnetic domain reversal behavior in an ultrathin Co film with in-plane anisotropy that forms part of a
spin-valve structure has been investigated by giant magnetoresistance and magneto-optical Kerr effect mea-
surements. We demonstrate that minor loops can be used to obtain detailed information on the field-dependent
domain process. 90° domain boundaries are found to be strongly dominant over 180° walls in the demagne-
tized state, but the magnetization reversal process is controlled by 180° domain-wall motion. The 180° walls
are found to undergo multiple jumps mainly due to domain-wall pinning associated with interface roughness.

I. INTRODUCTION passivated $001) surface at ambient temperature by mo-
lecular beam epitaxyMBE) under ultrahigh vacuum condi-
Recently, there has been great interest in developing exions with a base pressure 6f3x 10 °mbar. Prior to the
perimental methods to investigate the domain structure andeposition of the magnetic materials, an epitaxialGDu)
its dynamics in ultrathin magnetic filmis® There are a num-  |ayer was deposited on B801) as a seed layer by using a
ber of techniques that give direct information about the do«nudsen cell with a typical evaporation rate 66 A/min.
main  structure, for example, transmission electrongince the lattice mismatch for the [U00]IS[110] is ~6%,
microscopy (TEM), scanning electron microscopy with po- good epitaxy can be obtained on the HF-etch¢@) sub-
larization analysis(SEMPA), Kerr effect, magnetic birefrin- strate. The 700-A Cu thickness was chosen to be large
gence, magneto-optical gradient efféctagnetic force enough to improve the epitaxy. FeNi and Co layers were
microscopy” (MFM), the magneto-optical indicator fiffn deposited on the GQ01) surface using electron-beam
(MOIF) technique, etc. While these direct methods yield im'evaporation, and the typical evaporation rate wasA/min.

ages of the magnetic domain structure, indirect method he pressure increased 06 10~ mbar while FeNi and
based on, e.g., resistance measurements can be more conye- beina d ited and 163 10-° mbar during C
nient under certain circumstancés high fields, very low ~° WEre€ being deposited an mbar during LU

temperatures, efc depositioln. The deposit_ion rates were calibrated using a
In this paper we use the giant magnetoresista@dR)  duartz microbalance, which has an accuracy-df10%. Ep-
effect in a spin-valve sample to detect the domain structuré@xial growth was confirmed using situ reflection high-
and magnetization-reversal processes in a ferromagnetic f&ergy electron diffractiodtRHEED). The images obtained
cobalt film. As is well known, the GMR amplitude is pro- showed that the FeNi and Co layers grew epitaxially in the
portional to cosé in a spin-valve structure, wher@is the (001 orientation, where the fcc €blQ] direction corre-
angle between the magnetization direction in adjacent magsponds to the $100] direction(Fig. 1). GMR measurements
netic layers. The relative orientation of the magnetic mo-were carried out using the standard four-point geometry.
ments in the film under investigation can therefore be estiHysteresis curves were measured using the longitudinal
mated by measuring the GMR amplitude. Co is an importanmagneto-optical Kerr effedMOKE). Each of the GMR and
element widely used in spin-valve sensommd there is con- MOKE loops was measured by applying different field am-
tinuing intense interest in the domain structure and reversgllitudes. Before starting each measurement the sample was
behavior in ultrathin films. While many recent investigationsfirst saturated by applying a “positive” field of 1800 Oe
have focused on the magnetization-reversal process of ultralong the Cf110] easy axis(i.e., our measurement direc-
thin Co films with perpendicular anisotropy? there is cur-  tion). In order to investigate the demagnetized state of the Co
rently a lack of information concerning the magnetic domainfilm, the sample was dc-demagnetized and its magnetoresis-
and reversal behavior in fcc Co films with in-plane anisot-tance(MR) was measured under small applied field ampli-
ropy. In the present work, an epitaxial Cu/Co/Cu/FeNi/Cutudes(—25—+25 Os.
spin-valve structure was grown in order to investigate the Figure 2 shows the GMR loops obtained under different
magnetic domain and reversal behavior in the fcc 40-A Ceexternal field amplitudes after first saturating along the easy
layer. [110Q] axis. It is clear that loop 1 is a typical minor MR loop
that is related to the magnetic switching of the FeNi layer,
whereas the Co layer magnetization is strongly pinned in the
initial direction. Its maximum and minimum resistance val-
We have grown an epitaxial spin-valve structure, withues correspond to the antiparallel and parallel configuration
nominal composition $001)/Cu(700 A)/Co(40 A)/Cu60 of the two magnetic layers, respectively. When the applied
A)IFeNi(60 A)/Cu(60 A). The sample was grown on an HF- field amplitude is increased, the form of the GMR loop

II. EXPERIMENT AND RESULTS
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FIG. 1. RHEED images of the Si substrate, Cu buffer layer, and 0.2220 1
magnetic Co and FeNi layers. 0.2215-

changes, as in loop 2. This relates to magnetic switching ir 022107

the Co layer. For clarity we draw schematically such a GMR
loop in Fig. 2b). Starting from pointA, where the magneti-
zation of both magnetic layers is parallel, the field is reduced 0.2195
to a negative value &, whereupon the magnetization of the .
FeNi layer switches and becomes antiparallel to the Co lay- Field (Oe)
er's magnetization aC. At point D magnetic domains are
formed(this is the point at which the reversal process begins | ()
in the Co layer. Since the magnetization in both the FeNi ang
Co layers is not completely antiparalle&dee pointE), the D
GMR value is reduced with respect to the value€CaandD. \
At position F the magnetization of the FeNi layer switches
parallel to the applied field, whereas the magnetic configura E F
tion of the Co layer remains as before. At poktthe Co
layer becomes fully single domain again. A similar process G
occurs for loops 3 and 4, but the fraction of the magnetiza- ,
tion in the Co layer that switches increases with increasing \
external field amplitude. When the field amplitude is large
enough the magnetization of the Co layer can fully switch
and a typical GMR loop is obtained.

In order to support the results obtained from GMR we )
have measured longitudinal MOKE loops for the same pro-. F'C- 2. (8) The GMR loops measured along the[Ct0) direc-
cess, the results of which are shown in Fig. 3. From Fig. dion for different field amplitudes after first saturating along this

we find the same magnetization reversal process as describg'&'iecuon and() a schematic for the loop.

above: When the field amplitude is relatively small there is aure 4 shows the MR loop for small field amplitudes25
single switch only that is due to the FeNi layer revel&adp Oe) after the demagnetization procgssg. 4a)] and a GMR

1). By increasing the field amplitud@oops 2 and Ba sec- loop measured at higher field-580 O¢ [Fig. 4(b)]. The
ond switch appears, caused by partial switching of the Cdlifference in the observed GMR values at equivalent fields
layer, and its intensity increases with field amplitude untilfor the data of Figs. 2 and(H) is due to the different “four-
the saturation field of the Co is reachddop 4). Here we  point” measurement systems used in each case. From Fig. 4
can see another advantage of using a spin-valve structureie can see that the change in the NIRg. 4@)] is much
Although the Kerr intensity is expressed as an arbitrary unitsmaller than the change seen in Figb)4 In Fig. 4a) the

we can make a relative comparison of the fraction of the Caelative alignment of the layers does not fully switch and so
layer magnetization switching to the intensity of the FeNionly the anisotropic magnetoresistar@MR) in the FeNi
switch, which is approximately constant for each loop. Fig-layer contributes significantly to the MR loop.
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tudes (£25 Oe€ (a) after demagnetization anth) a GMR loop
measured at-580 Oe.
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FIG. 3. Longitudinal MOKE loops measured along the Tif)] antiparallel, respectively, the values of which are taken from
direction with different field amplitudes after first saturating along the GMR loop in Fig. 4b) (i.e., the maximum and the mini-
this direction. mum). With R, ~0.2360(), R;;~0.2338(), so the total
resistanceR~0.23492, which agrees well with the experi-
mentally observed valug$ig. 4(a)]. This indicates that in
our Co film 90° boundaries are strongly dominant over 180°
walls, in agreement with the result by SEMPAThe possi-

In the demagnetized state the magnetic domain walls iility that 180° domain walls are distributed equally along
the fcc Co film should be mainly 90° or 180° walls due to thethe four axes is unlikely for several reasons. If 180° domain
cubic anisotropy! While we certainly cannot rule out the
existence of 360° walls completely, we believe the number
of such walls must be small and their contribution can there-
fore be neglected. We shall assume that the domain bound-
aries are 90° walls and the magnetization directions are
equally distributed along the four easy directigd0). We
consider a Co/Cu/FeNi spin valve in which the Co layer is
demagnetized while the FeNi is saturated along the easy axis
of fcc Co. The resistance of a small area including four Co
domains is determined by three magnetic configurations: par-
allel, antiparallel, and perpendicular denoted &y, p; |,
and p, [see Fig. %a)]. Assuming the effective-circuit
scheme of Fig. &), the measured resistance can be approxi-
mately expressed as

Ill. DISCUSSION

A. The 90° domain wall in the demagnetized Co film

FeNi FeNi

;’
Co
:N Ry 1

()

2 2
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1
W FIG. 5. Schematic of the GMR configuration assuming a flux
closure domain structure in the representative a@aCo layer in
R;; andR;, represent the measured resistance when théhe demagnetized statéb) Magnetization-reversal process in a
magnetic moment in the FeNi and Co layers are parallel andaturated Co layer.
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FIG. 7. Schematic of two kinds of hysteresis loops when the
hysteresis behavior is controlled kg nucleation andb) wall pin-

o

ning.

FIG. 6. The relationship between the reversal frackiamd field
amplitude. Curve 1—prediction based on a model assuming 18
domain-wall motion(see text Curve 2—experimental result from

MOKE measurements. . ) . .
at a given field amplltudel.ﬁy andlp, are the height of the

walls were distributed equally along the four easy axes, thef€Ni switch on normalized loop measured under saturation
would give rise to 90° domain walls where they intersect.@and arbitrary field, respectively. The two curves coincide

Also, the formation of a 90° wall is more favorable from an with each other very well, indicating that the assumption of
energetic point of view sinc&(180°)=2E(90°).! In the reversal occurring by 180° domain-wall motion is correct.

absence of a strong uniaxial anisotropy, the dominant cubic
anisotropy favors the formation of 90° walls. C. Domain-wall pinning by interface roughness

) o _ Either domain nucleation or wall pinning can control the

B. 180° domain-wall motion in the reversal process of Co film | ayersal mechanism of the Co film. The dominant mecha-

From the GMR loops shown in Fig.(& we can obtain nism can be evaluated from the evolution of the hysteresis
two important parametersi) The height of the curvéeeF  loops with increasing field amplitude. For the nucleation
[Fig. 2(b)] changes continuously with the amplitude of the mechanism the coercivity increases with external field am-
external field. This indicates that the reversal area in the Celitude[Fig. 7(@], while for the wall-pinning mechanism the
film is continuously changing with field amplitude, i.e., the coercivity does not change with external field as shown sche-
reversal proceeds via many magnetization junis. The ~ matically in Fig. 7b)."* In our case the MOKE loop evolves
curve EF remains horizontal for each loop, which indicates with external field, approximately as in the latter cdsee
that the characteristics of the domain struct(eey., size, Fig. 3), indicating domain-wall pinning, even though there is
type of wall does not change with decreasing field for eacha slight increase in coercivity with field. .
loop measurement, as is typical of domain-wall pinning. The The growth of a Co film on a G001 surface has been
reversal mechanism is therefore likely to be controlled byshown to be almost layer-by-layer growth.With such
180° domain-wall motion. If there is a switch from a 180° layer-by-layer growth the defects that pin the domain-wall
wall to a 90° wall with decreasing fieldn a given loop the =~ motion are likely to be at the interfagboth the bottom and
curve EF would not be horizontal. However, a question thattop surface of the Co layerFor an ultrathin Co film, the
arises is whether 90° domains nucleate at low field ampliNeel domain wall is so thitf (~50 A) that a small defect can
tudes. Our following analysis will show that no such processplay an important role in the wall pinning. To verify this
occurs. assumption we need to evaluate the size of the defect for

Consider a small area of Co layer including a 180° do-
main with the FeNi layer saturated as shown in Fig)5
The measured resistan&erepresented by curvEF can be
expressed as

kKRR ¢ Co
R=(1- KR, + KRy Ry, , 2) :
Rip+ V(R = Ryp)
wherek is the reversal fraction. Ak—0, R=R; |, and as T u

k—1,R=R;;. Using Eq.(2) and our experimental values of
R obtained under different field amplitudes, we can obtain a
relationship between the reversal fractiomand field ampli- FIG. 8. A schematic of the roughness at the interfaces. Both
tude (Fig. 6, curve }. From the longitudinal MOKE mea- pottom and top interfaces have the same roughness because of the
surement one can obtain a similar relationsfoiprve 2. For  |ayer-by-layer growth mechanism. There are small peaks and
curve 2,k is obtained usind<=(|,§y/| py)lco, Wherelg, is  trenches with an average radiuand lateral distancé at the inter-

the height of the Co switch on the normalized loop measuredhces.
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wall pinning and then compare with the interface roughness. 9.85rM 12
We use a simple model of the surface struct(iig. 8): On Hcng—- (6)

the bottom Cu layer there are small peaks and troughs with
an average radiusand lateral distancé. Because of layer- oy our Co filmt~40 A, §~50 A, He~ 100 Oe, and we can
by-layer growth the same roughness configuration is eXgake ¢~ 100A as the lateral correlation length in the Co/Cu

pected at the top Cu/Co interface. We will use Kersten’ssysteml_zl Hence we obtain the value ofas~1 A. which is
inclusion theory” because of its simplicity. This theory i agreement with the experimental value of the interface

yields the following expression for the coercivity: width in fcc Co/Cu™ The magnetization jumps in thd-H

12§23 loop can be explained by the variation in the valuerof
=_ () associated with the interface structure.

C_—l
Mgr If t< 4, then Eq.(6) becomes
whereE is the domain-wall energy densitf/js the volume
fraction occupied by the inclusions,is the radius of the H _9.8M S 113 7
inclusions, andMg is the saturation magnetization of Co. CT B ' ™

Although in this model the inclusions are assumed to be

large compared with the domain-wall width, for very small The thickness dependencelef is dependent on the system
defects it can still apply® For the ultrathin Co film the do- under consideration, for instant&Hc~t in Fe. The thick-
main wall is of Nel type and its total wall energy density is ness dependence &fc described in Eq(7) is very weak
expressed by adding the exchange, anisotropy, and magnete~t'®), and it can therefore explain why the coercivity of

static contributions: ultrathin Co/C001) shows little variation with thicknes$.
) Although the interface roughness plays an important role in
E=A Z) S5+ Lok+ ﬂ M2 4) the 180° wall pinning, it does not exclude other mechanisms
o 2 S+t ' such as bulk defects and grain boundaries.
whereA is an exchange stiffneséis the wall width,K is the
anisotropy constant, andis the film thickness. For fcc Co IV. CONCLUSION

= — 6 =
(|\|/Te(f]c'c c)1=:DM '?h cé)'iﬁdlfgl e?;%//?:rr% Nlégl e6 égzglgjofrﬁfj ox- We have studied the magnetic domain configuration and
ch?':m ge andsanisotropy contribution. we obtain magnetization-reversal processes in a ferromagnetic fcc co-

balt film, with in-plane anisotropy, by GMR and MOKE
1.27f2BstM g methods. In the Cu/Gd0 A)/Cu(001) film studied, 90° do-
He=—r—r+7—. (5 main boundaries strongly dominate over 180° walls in the
r(é+t) . o .
demagnetized state, but the magnetization-reversal process is
From the roughness model shown in Fig. 8, we obtain theontrolled by 180° domain-wall motion. The 180° walls are
volume fractionf =47r3/3¢%t, and substituting into E¢5)  found to undergo multiple jumps mainly due to domain-wall
gives pinning associated with interface roughness.
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