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Magnetoresistance, micromagnetism, and domain-wall scattering in epitaxial hcp Co films
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Large negative magnetoresistanidéR) observed in transport measurements of hcp Co films with stripe
domains were recently reported and interpreted in terms of domain¢@@l) scattering mechanism. Here
detailed MR measurements, magnetic force microscopy, and micromagnetic calculations are combined to
elucidate the origin of MR in this material. The large negative room-temperature MR reported previously is
shown to be due to ferromagnetic resistivity anisotropy. Measurements of the resistivity for currents parallel
(CIW) and perpendicular to DW'€PW) have been conducted as a function of temperature. Low-temperature
results show that any intrinsic effect of DW'’s scattering on MR of this material is very small compared to the
anisotropic MR[S0163-182699)01218-1

The effect of magnetic domain wallBW'’s) on the trans- aging in conjunction with micromagnetic simulations show
port properties of thin films and nanostructures is a topic othat the large negative MR observed at room temperature in
great current interest. Recent experimental research has eixep Co films for fields applied parallel to the the easy mag-
tended early studies of iron single crystdldo nanofabri- netic axis is due mainly to a conventional anisotropic trans-
cated thin-film structures of & transition metas® and  port effect in ferromagnetic metals, not large DW scattering
transition-metal alloy§.” This topic has been approached effects.
from a number of viewpoints. In nanowires an experimental Epitaxial (0001 oriented hcp Co films of 55, 70, 145, and
goal has been to use magnetoresistaiM®) to investigate 185 nm thickﬂesses have been studied. The films were grown
DW nucleation and dynamics in search of evidence for macen a-axis (11D) sapphire substrates usiedbeam evapora-
roscopic quantum phenomena. Conductance fluctuations anidn techniques under UHV conditions. First, at a tempera-
MR hysteresis observed at low temperature in nanowires diure of 68 K a 10-nm-thick(000) Ru seed layer was de-
Ni, Fe, and Co(Refs. 8 and P have stimulated theoretical posited followed by a0001) Co layer. The Co layer was
work on the effect of DW’s on quantum transport in mesos-protected against corrosion by a 5-nm-thick Ru capping
copic ferromagnetic conductot$!In thin films and micro- layer. X-ray 6/26 scans indicate-axis orientation of the Ru
structures with stripe domains, experiments have focused omnd Co layers. Off-axis x-ray pole figures show that the films
understanding the basic mechanisms of DW scattering cdre also oriented in plane with respect to the sapphire sub-
conduction electrons. Specifically, large negative MR ob-strate. The films were patterned using projection optical li-
served at room temperature in hcp Co thin films with stripethography and ion milling in order to produce microstruc-
domains were recently reported and interpreted in terms of tures of well defined geometry for MR studies. A residual
giant DW scattering contribution to the resistivityndepen-  resistivity of p=0.16. cm and the residual resistivity ratio
dently, and to understand this result, a mechanism of DWof 19 for a 185-nm-thick Sum linewidth Co wire confirm
scattering was proposed which invokes the two channehe high crystalline quality of the films.
model of conduction in ferromagnets and spin dependent These films have a strong uniaxial anisotropy with the
electron scattering—a starting point for understanding thenagnetic easy axis perpendicular to the film pla&h@he
phenomena of giant MRGMR).? Within this model DW’s  competition between magnetostatic, exchange, and magneto-
increase resistivity because they mix the minority and majorerystalline energies leads to stripe domain configurations in
ity spin channels and thus partially eliminate the short circuitwhich the domain size depends on the sample thickness and
provided by the lower resistivity spin channel in the magneti-the domain configurations depend on the sample magnetic
cally homogeneous ferromagnet. history. Figure 1 shows MFM images of a 70-nm-thick

Here we present a physical interpretation of the MR of5-um-linewidth Co wire in zero magnetic field. These MFM
hcp Co films with stripe domains which is based on bothimages, taken with a vertically magnetized magnetic tip,
experimental results and micromagnetic modeling. We havéighlight the out-of-plane component of the wire magnetiza-
conducted experiments on samples of systematically varietion. Images are shown after magnetic saturatianperpen-
magnetic structure and DW density and as a function of thelicular to the film plane(b) in plane and transverse to the
angle of the transport current with respect to DW’s. The rolewire axis, andc) in plane and along the wire axis. As seen in
of conventional sources of MR in ferromagnetic metals onFig. 1, an in-plane applied field can be employed to align
the interpretation of such experiments is discussed in detaiDW’s in stripes'* Figures 1b) and Xc) show that DW’s can
MR measurements, magnetic force microscolhfM) im- be oriented parallel or perpendicular to the long axis of the

0163-1829/99/5@.8)/119145)/$15.00 PRB 59 11914 ©1999 The American Physical Society



PRB 59 MAGNETORESISTANCE, MICROMAGNETISM, AND . .. 11915

.4
@
S
©
L
\.

—— Exp. T
---#--- Calc.

—_
N
(=)

\

o]
S

Domain Width ( nm )
g =

~
(=)

o o
W W
= G
1 ; + ) 1
|

<
'S
o

> ® 45x10°
FIG. 1. MFM images in zero applied field of a of &n- § ' ]
linewidth 70-nm-thick Co wire aftefa) perpendicular(b) trans- = 74x10’3 el
verse, andc) longitudinal magnetic saturation. The model shows g ) 1 5
the orientation of stripe and flux closure caps with respect to the 8 oo T R 3.5x10’3§ .
current for(b) CPW and(c) CIW geometries. o 025 . e . ] )
. . . 2o < e Lo 3x107
wire and thus the applied current, denoted as current-in-wall i TR T ‘z ]
(CIW) and current-perpendicular-to-walCPW) geometries, i D L dsmane
respectively? (as shown in the drawing in Fig).1 0155 100 150 200
Modeling of the film micromagnetic structure is essential Thickness ( nm )

to understand the MR results. An important parameter for o . ] .
stripe domain materials is the ratio of anisotropy to demag- F!G: 2. (& Domain size versus film thickness; experimental
netization energy, known as the quality fac®r given by (solld_cwcles and calc_ulat_ed value(soll_d squares (b) The calcu_—
Q=K/27TM§.15'17 For smallQ (Q<1), the magnetostatic lated in-plane magnetlzatlon_volur(\solld sqqare);and the magni-
energy dominates the anisotropy energy. In this limit, it isu.Jde of the MRRszeaS_ RF."O n .the perpendlcylar geometgolid )

. S . —circles as a function of wire thickness. Inset: Calculated magnetic
energetlpally.favorable to_ maintain filx Closure. at the fIImdomain cross section of a 70-nm-thick Co element showing out-of-
bo“_”df?‘”es via the format_'on of closure domainéth mag- plane magnetized stripe domains and in-plane magnetized flux clo-
netization parallel to the film surfagat the top and bottom o caps.
film surfaces. In the limit of larg€ (Q>1), stripe domains
with magnetization perpendicular to the surface are favoredng the wire thickness from 55 to 185 nm the in-plane mag-
leading to surface magnetic charges. Since hcp Co has afetization volume decreases from 33 to 17%.
intermediateQ value (Q=0.35), numerical modeling of the MR measurements were performed using a variable tem-
film micromagnetic structure is necessary to determine equiperature high-field cryostat witim situ rotation capabilities.
librium domain configurations. It has been shown numeri-The resistivity of the Co wires was measured using a four-
cally that in hcp Co DW's branch, being Bloch-like in the probe aq~10 H2) bridge technique with currents of 10—-100
film center and forming flux closure caps at the top and botA. The applied magnetic field was oriented in-plane both
tom surface of the film to reduce the magnetostatic en&tgy. parallel (longitudinal geometry and perpendiculagtrans-

The magnetic structure of films of the thicknesses studiederse geometiyto the long wire axigi.e., the current direc-
has been computed in zero field with the LLG Micromagnet-tion) as well as perpendicular to the film plaf@erpendicu-
ics Simulator'® The equilibrium magnetization is found from lar geometry. Figure 3a) shows such measurements
the minimization of the system’s free energy composed operformed at room temperature on a 55-nm-thick film. The
exchange, magnetocrystalline anisotropy, magnetostatic, andw-field MR is positive for in-plane magnetic fields and
Zeeman terms. The time evolution of the magnetization isiegative for perpendicular applied fields. Hysteresis is also
given by the Landau-Lifschitz-Gilbert equati6hThe mag-  evident, particularly in the perpendicular MR, which corre-
netization distribution is approximated by a discrete cubidates well with magnetization hysteresis loofBig. 4).
mesh, with a cell volume of 1000 rinand tests performed Above the saturation field~1.4 T) there is a large anisot-
using a finer grid have shown similar results. As seen in Figropy of the resistivity, with the resistivity largest when the
2(a), such calculations produce domain widths which are inrmagnetization is in the film plane and parallel to the current.
good agreement with experiment. The inset of Figh)2 As generally observed in ferromagnetic materials, the resis-
shows a part of the simulated magnetic cross section of @vity depends on the angle of the current and magnetization
70-nm-thick Co elemenfwith overall dimensions of 1500 as well as the angle the magnetization makes with respect to
X500%x 70 nm), where the arrows indicate the magnetizatiorthe crystallographic axes. These anisotropies have their ori-
direction of the stripe and flux closure caps. Flux closuregin in the spin-orbit interaction and the fact that the orbital
caps constitute approximately 25% of the total wire volumemoment depends on the orientation of the magnetization in
which is also an approximate measure of the in-plane maghe crystaf*%?
netized volume. For all Co wire thicknesses investigated the This resistivity anisotropy is important in the interpreta-
closure cap volumesin-plane magnetizationwere calcu- tion of the low-field MR because the magnetization in zero
lated as shown on the left-hand axis of Figh)2 By increas-  applied field has components along all three dimensions. For
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% 0x10° E FIG. 5. Temperature dependence of difference between CPW
~5 : perp | and CIW resistivities Ay, and R_o— Ry of a 55-nm-thick Co
?_ F o N ] Wire.
E -4x107° R et .
z 2 Fio) ;=0 e S 1 tron mean free path is smaller than the domain®Siaed the
2x107E NG R tans resistivity anisotropy is small, the resistivity can be written
N \ / Tong as a weighted average of the resistivities, to first order in the
1x10 ; N7 E resistivity anisotropy,e, =R o—Rp o and e;=Rro—Rp.
1 of Ry \ ot Then starting from the maze configuratipRig. 1(a)] the
0107 b P perpendicular MR is
15102 bt T
4 -3 -2-10 1 2 3 4 1
Magnetic Field (T ) Rp meas™ Rpo= 7|5 (R0t Rro) ~Rpo| + O(et,€9),
(1)

FIG. 3. MR data of a um-linewidth 55-nm-thick Co wire in
the perpendicular, transverse, and longitudinal field geometries athere y is the volume of in-plane magnetized closure caps.
(a) room temperature(b) 85 K, and(c) 1.5 K. HereR, 1 p o are the MR extrapolated from high field tb

. - =0 (dashed lines in Fig.)3as will be described below, and
examplg, fo_r the CPW g_eomet(’as_ llustrated in Fig. )]' the normalized to the resistivity measuredkt=0 in the maze
magnetization of the stripe domains are out-of-the-film plane

and perpendicular to the current, the magnetization of th gonfiguration,po(H =0) (Rp,measiS taken to be the zero of

. e MR, see Fig. B In this expression, the small volume of
flux closure caps are in plane and parallel to the current, an . ;
oE . In-plane magnetized DW material has been neglected, only
the magnetization of the Bloch wall rotates through an ori-

entation in plane and perpendicular to current. Thus a satL}he flux closure caps are considered. Within this picture, the
rating field will both erase DW'’s and reorient the magneti-negatlve MR observed in the perpendicular field geometry is

. . . due to the erasure of higher resistivity closure caps in the
zation with respect to the current and crystal. The low-field , ' . ;
. o . .“applied field. Further, the magnitude of the perpendicular
MR which results from resistivity anisotropy and the reori-

) . o . .. MR is thickness dependent because the volume of the in-
entation of the film magnetization was neglected in the initial lane magnetized material depends on sample thickié
work on hcp Co films, as it was incorrectly assumed that th 9 P b

magnetization and current remain always perpendicular iré)' For example, from the MR measurements shown in Fig.
zero applied field. (@ on a 55-nm-thick film and withy=0.33,Rp ¢ is esti-

This contribution can be estimated within an effective me—m:fsifg dbe;r4.eSr§jilc(L|a’r ',C“g IoFsie uiggzii%wgfﬁacf tr\:\g th et:le
dium model of the resistivity. In the limit in which the elec- Perp -9 b

pendicular MR generally increases with increasing in-plane
ST J A A A I T LS ISR N magnetized volume fractions. The difference between CPW
- ] and CIW resistivitiesi.e., R; meas— R mead, @Ssociated with
rotating the magnetization direction of the flux closure caps
from parallel(or antiparallel to perpendicular to the current,
b= : ] in Fig. 3@ is given by, y(R_o— Ry =1%x103, in close
<00 i FTERI. agreement with the experimental value. Such estimates show
= i perpEnaiciiar | that the predominate MR effects observed in this material are

H iniplane___,

05Ff

P 4

05 ,"_-' explicable by film micromagnetic structure and resistivity
] anisotropy, without the need to invoke DW scattering ef-
1.0 ] fects.
T S e e . T Temperature-dependent resistivity measurements for

Magnetic Field (T ) CPW and CIW geometries show more interesting behavior,
which is not explicable simply in terms of ferromagnetic
FIG. 4. Magnetization hysteresis loops measured with a super€Sistivity anisotropy. With decreasing temperature the in-
conducting quantum interference device magnetometer of a 55-nnplane resistivity anisotropy changes stygiye to the increas-
thick Co sample at 300 K for applied fields in plafdashed ling  ing importance of the anisotropy in the Lorentz MR. The
and perpendicular to the film plargsolid line). anisotropy of the Lorentz MR is important at low tempera-
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TABLE |. Characteristics data for pm-linewidth Co wires of 55, 70, 145, and 185 nm thickness.

Thickness(nm) 55 70 145 185

d (nm) 66 80 116 135
po(1.5K) (u2cm) 0.63 0.26 0.23 0.16
Po(Teomp (w2 cm) 0.92 0.68 0.58 0.3
po(RT) (uQcm) 3.83 3.04 3.31 3.04

Ay (T eomp 0.94x 1073 0.75x10°3 1.3x10°3 1.4x10°3
M (Teomp (M) 5.7x1071° 4.1x10°%° 8.7x10°1° 5.7x10°%°

ture because of the large internal fields within ferromagnetichen given byr =(d/8) Ay pod= Ay pod, Whered is the do-
domains even in the absen_ce of externally applied f_|eld_s. Thghain size,s is the wall width(~15 nm) and po is the film
Lorentz MR is larger for fieldfand hence magnetizatibn resistivity. Table | summarizes the MR measurements at the
transverse to the current, while spin-orbit coupli®VR)  compensation temperature and these estimations for different
leads to larger in-plane resistivity for magnetization parallelwire thicknesses. For the films studied the average interface
to the current! More quantitatively, the Lorentz MR is an resistance is 2x 10 1°Q m? at Tcompand the MR due to
even function ofB/p~ w.7, the cyclotron frequency times the DW material A pyai/po=(d/8)Ay , is 0.5%. For com-
the relaxation time, wherB is the internal field in the ferro- parison, these values are approximately a factor of 100
magnetB=47M+H—Hy, H the applied field andH, the  smaller than the Co/Cu interface resistance and MR in GMR
demagnetization field. With the film magnetization orientede“”az)éerS with current perpendicular to the plane of the
in plane, the internal field for Co isWM=1.8T. To deter- layers: ) )

mine theH =0 resistivity anisotropy, the MR data above the _Another mechanism which could produce the observed
saturation field are fit taB2=a(47M +H—Hg)2, with fit- offset between CPW and CIW resistivities involves the Hall

ting parameter. These fits and their extrapolation kb=0 effect?_ Both the ordinary HaI_I effect and anomalous Hall
are shown in Fig. 3. In Fig.(®) it is seen that the in-plane effect in ferromagnetic materials lead to an angle between
resistivity anisotropy is nearly zercR( ;=Ryo) at 85 K, the current and the electric field in the sample. The ordinary
which we denote the compensation témpefaf[gg—;“ At Hall effect in zero app!leq field, is again assoua}ted with the
. ) p large internal fields within ferromagnetic domains. For the
lower temperatur®y is greater thark, [Fig. 3(0).]' PW geometry the electric field will be normal to the DW's,
At the compensation temperature differences in CPW andy .ot in a very narrow region near the sample boundaries
CIW resistivities due to m-_plane reS|_st|V|ty anisotropy ShOUId(within about a domain width, 100 fimFor this reason there
approach zero, as changing the orientation of the DW'S 1o pe a deflection of the current in the sample. As the Hall
tates the flux closure caps, yet will produce no change in film, e changes sign in alternating magnetization domains, the
resistivity. In Fig. 3b) a small difference in CPW and CIW ¢\, rent will zigzag through the sample. Berger found that
resistivities is observedA,=9x10"*. Further, while the this mechanism would lead Repy— Repw=(w.7)2.2 Inter-
resistivity anisotropy changes sign and becomes larger igtingly at 85 K for the 55-nm-thick film we estimate this to
magnitude with decreasing temperatifég. 5), Ay is al-  pg ax 104, about half the observed difference.
ways positive. This implies that the difference between CPW | summary, the large negative MR at room temperature
and CIW_ resistivities is not dug simply to resistivity_an_isot— for fields applied along the easy axis of hcp Co films with
ropy, which would be proportional & _o—Rro. ThiS iS  gyrine domains is due to the film micromagnetic structure and
illustrated in Fig. 5 in which the difference in in-plane resis- torromagnetic resistivity anisotropy. The temperature depen-
tivity anisotropy andAy, are plotted versus temperature.  gence of the difference between CPW and CIW resistivities
The greater CPW resistivity is consistent with a smallghq\ys that the intrinsic effect of DW interface scattering is at
additional resistivity due to DW scattering, however, there isy,ost a small effect on the resistivity of such a stripe domain
also other possible physical explanation for this result, whichyaterial. The Hall effect may be important to explaining the

we discuss below. First, to get an idea of the the order ofpserved offset between CPW and CIW resistivities.
magnitude of any intrinsic DW scattering contribution to the

resistivity, we assume that; at T¢ompis due to DW scat- The authors thank Peter M. Levy for helpful discussions
tering. Since walls will be much more effective at increasingof the work and comments on the manuscript. We thank M.
resistivity when arranged perpendicular to the current, weDfitserov for technical assistance. This research was sup-
further assume DW'’s have only a small effect on resistivityported by DARPA-ONR, Grant No. N00014-96-1-1207. Mi-
when parallel to the curreRf. The DW interface resistivity is  crostructures were prepared at the CNF, Project No. 588-96.
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