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Numerical study of magnetoresistance for currents perpendicular to planes in spring ferromagnets
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Magnetoresistand@MR) for currents perpendicular to planes is calculated within the ballistic limit for spring
ferromagnets in which an artificial domain wall is formed by the external magnetic fields. We consider two
contributions to the MR: one is caused by a twisting of the magnetization and the other is due to a mismatch
of the electronic structure between the two ferromagnets comprising the spring ferromagnets. We show that the
resulting MR may show a nonmonotonic dependence on the width of the domain walls and can be either
positive or negative according to the magnitude of these two contributions. We further show that oscillatory
behavior appears in the MR when the soft ferromagnet is sandwiched between hard ferromagnets.
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The past decade has seen growing interest in magnetorgroupst!~**Wegroweet al'? have indicated that CPP-MR in
sistive phenomena such as giant magnetoresist@BbtR) SFM is the superposition of the two effects of GMR and
and tunnel magnetoresistance in artificial magnetidWR. The former effect is naturally superimposed on the
multilayers!= The effect of GMR is caused by a spin- effect of DWR because the spin dependent scattering in the
dependent scattering, which makes the total resistivity largeferromagnets varies with the alignments of the magnetization
in the anti-parallelAP) than that in the paralle{P) align- ~ ©f SFM. In reality, another effect of MRcontact MR,
ment of the magnetization of magnetic |ayers' The magneWnicn is caused by a mismatch of the electronic states at the
toresistancéMR) effect is also observed in nonartificial ma- interface between two ferromagnets, should be added to
terials, that is, the resistance due to domain wélsv) in ~ CPP-GMR of SFM. The contact MR is nothing but the DWR
ferromagnets is reduced when the external magneticfi@ld Of SFM with zero DW thickness. These three effects of
eliminates the DW. When the ferromagnets are submicro®MR, DWR, and contact MR may be either additive or sub-
size Wiresl the DW magnetoresistar(m/vR) is similar to tractive depending on the initial alignment of the magnetiza-
the GMR in the geometry of the current perpendicu'ar totion of two ferromagnets. In addition, the contact MR can be
planes(CPP because the current runs mainly perpendicula€ither positive or negative according to the difference be-
to the DW. Because the width of the DW is of the order oftween the electronic states of two ferromagnets. Because of
several 10 nm, the DWR from each DW is usually small, atthese features of MR, the dependence of MR in SFM on DW
most a few percerftHowever, it has been pointed out theo- thickness can be nonmonotonic, and the sign of the MR can
retically that the DWR can be as large as the GMR when th&€ changed by varying the DW thickness.
width of the DW is reduced to a length of an atomic scdle. ~ The purpose of this paper is to calculate the contact MR
Concerning the DWR in ferromagnetic wires, negative MRand DWR inA/B-type SFM for a wide range of parameter
(decrease in resistivity with increasingg) has been values by using a simple model and to show that the MR can
reported’”® Change in the Lorentz motion, elimination of actually be nonmonotonic and may change its sign with de-
weak localization, and change in the carrier number by vancreasing DW thickness. The conductance and MR of SFM
ishing DW have so far been proposed as the Origin of th@re calculated using the Kubo-Landauer formula in the bal-
negative MRE~1° listic limit for finite size systems. A contribution to the MR

In order to further understand the phenomenon of pwnRfrom diffusive conductance will be taken into account in a
control of the DW is strongly required, which is, however, method proposed by Schegt al*® We will show that the
rather difficult to perform experimentally. This difficulty may qualitative features of the calculated MR may be unchanged
be removed by using Spring ferromagn@M) which con- by the.dlfoSIve Conductan(?e. The eﬂ:e(.:ts of GMR caused by
sist of two types of ferromagnets: one a soft ferromagnet anéhe spin-dependent scattering will be discussed later. We also
the other a hard ferromagnet. When we apply an externddresent results fo/B/A-type SFM, in which an oscillatory
magnetic fieldh, the soft ferromagnet rotates its magnetiza-MR may be realized due to the quantum confinement effect
tion towards the external field and thereby a twisted state of? the ballistic regime.
the magnetization, similar to DW, is realized at the interfaces We use a single band tight-binding model, the Hamil-
between two ferromagnets. Because the twisted regiofPnian of which is given as
shrinks with increasindy, the resistance is expected to in-
crease with increasini.

Measurements of MR i_n SFM have beeni performed for He—t> CLC,'UJFE viscl Ciy, )
both CPP and current in plane geometries by several .o o
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wheret is a nearest-neighbor site hopping amg. is the 0.6 . —
spin-dependent potential of site The energy band in the I -
paramagnetic state extends fron®.0t to 6.Qt for the simple 04 |

cubic lattice. We, hereafter, takeas the unit of energy. For
an A/B-type spring ferromagnet;,=va, anduvg, for A
andB ferromagnets, respectively. We take

MR ratio

UAO.:UA_SAA/Z, (2)

Up,=Ug—SAR/2, (€©))

with s=+(—) for o=1(]) spin. In the following, we take —
va=0, vg—va=dv. We have not performed self-consistent
determination of the magnetization near the interface but dv (9
have assumed an abrupt change of the magnetizatioAs of
and B ferromagnets at the interface. It is also assumed that .
the magnetizagt]ion of each atomic planes rotates uniformiy°tetidl difference oA andB magnets for,=1.0 andAg=0.5.
within the DW. The spin indices are defined for systems _hlck solid curve is the MR rr?mo w_nhout corre_ctlon due to diffu-

. ) sive conductance. Broken, thin-solid, and chained curves are cor-
wiihout the extemal fle.ld' . rected MR with diffusive resistandgy .

The conductancd™ is calculated by using the Kubo-
Landauer formula in the mixed representation ¢f,€)
where ¢ stands for the layer indeX%:*” The number ofk
points are 208 200 unless specified. The MR ratio is de-

FIG. 1. Calculated results of the contact MR as a function of the

where 6 is the angle of the magnetization direction between
the nearest-neighbor layers within the DW. Although no rig-
orous proof has yet been given for the above expressions,

fined as they give correct results fo#=0 and#. The contact resis-
. I'(h=0)—-T'(h#0) tancel ¢, is given by replacindNg, in Eq. (5) with Ng, . In
MR ratio= 2 X 1 =6y T (h=0) " (4 this casel'c, should be interpreted as a contact resistance

including the DW contribution. The validity of the approxi-

In an A/B-type SFM without a twisted region of magne- mation will be discussed in relation to the numerical results.
tization (no DW), the contact resistance {I/,) may be In the following, we consider two cases for the MR in an
given as®>'8 A/B-type SFM having a hard magnatand a soft ond: (1)

The magnetizations ofA and B magnets are parallel fdn
®) =0, and become antiparallel for+#0; and(2) The magne-
tizations of A and B magnets are antiparallel when=0
e ) . which are changed to be parallel hy: 0.
when the_ electron transport is diffusive, but spin conserving. g4 poth cases, the DWR is positive, that is, the resistance
Here, I, is the calculated conductance aNgl, andNg, are  j,creases with increasinkg, while the contact MR may be
the numbers of channels with spinin the ferromagnetic  gjther positive or negative according to the degree of mis-
leadsA andB, respectively. The correction due to the diffu- maich of the electronic states at the interface. We also calcu-
sive transport is given by adding the diffusive resistancq,ie the MR for anA/B/A-type SFM, in which two DW
(1Fy) to ¢, in such a way that regions appear by twisting the magnetization of tBe

- = | —+
FCO’ F(T 2 NAo’ NBO’

)

magnet.
i: 1 + i (6) We first study the contact MRMR with zero DW thick-
T, Tco Td nes$ of the A/B-type SFM. The contact MR can be either

o ) ) positive or negative depending on the degree of mismatch of

wherel'y is given in a unit of e’/h]. Now the conductance the electronic states betweeh and B magnets. Figure 1
in the definition of the MR ratio is given bl/=% I', with ~ shows the calculated results of the contact MR as functions
or without magnetic fielch. In this work we will treat the  of v with va=0, Ay=1.0, andAg=0.5. The Fermi level is
diffusive conductance as a variable parameter because it magken aser= —4.0 throughout this paper. The uncorrected
be strongly sample dependent in real systems. MR ratio is shown by a thick solid curve. Wheip is small,

When there is a DW irB magnet, which is the situation the MR ratio is positive but it tends to change sign for larger
we are dealing with, there occurs spin mixingBnmagnet values of|Sv|. The results can be easily interpreted in the
due to the twisting of the magnetization in the DW region, following way. Let us start with the result fafv =0.75. In
which makes the definition of the spin-dependent channethis case the matching of the down-spin stateAafagnet
number difficult. Here we assume that the effective numbewith the up-spin state oB magnet is perfect. Therefode,

of channels irB magnet can be given as +I'| ath#0 (AP alignmen} is much larger than that at
~ =0 (P alignment and the MR ratio is negative. A8v is
Ng; = Ng;CoS(6/2) + Ng,sir?(6/2), (7)  decreased to 0.25, the matching between the down-spin state
of A magnet and the down-spin state Bfmagnet becomes
N, =Ng;Sir?(6/2)+ Ng, cog( 6/2), (8)  perfect, and therefor&,;+T'| at h=0 is much larger than
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1
0 2 4 6 8 1012 14 16 ratio given by circles in Fig. ®) is not significantly large at
Number of layers zero DW thickness because the contact MR is small, but
shows a shoulder at the thin DW region. The latter result
FIG. 2. Calculated results of the MR ratio as functions of do-indicates that the contribution to the MR from the twisting of
main wall thickness(number of atomic layejsfor (8 Ax=As  the magnetization becomes large for the thin DW region as
=1.0 with v =0 and(b) AA: 1.0A3=0.5 with v =0.0 and 0.6. will be discussed later.
Solid and open symbols are uncorrected and corrected MR due to The corrected MR ratios by taking into account the diffu-
diffusive resistanc®y, respectively. The inset @¢8) is a schematic . . . .
' T ; sive resistance are shown by open circles, triangles, and
figure of the AP magnetization alignment. .
squares with several values & (=1/MT"y). The corrected
I''+T'; ath+#0 and the MR ratio is positive. A similar situ- (';AR ratio 'ntr']:'gD%A";‘) tiholzvs a similar magm;udetﬁnfrll depen-
ation occurs fordv = —0.25 and—0.75. It should be noted 9€MNC€ On the ICKness as compared wi € uncor
rected MR ratios whed'y has values similar td",. The

that the MR ratio calculated using the conductance given by
Eq. (5) should be=2.0 atsv=+0.75 and+0.25 because dependence of the MR ratio on the DW thickness is about

of the perfect matching in the electronic stateshat0 1/(DW thickness), which agrees qualitatively with the the-
orh#0. oretical predictions:>1° The corrected MR ratios decrease
The MR ratios corrected by taking into account the diffu- naturally with the increase in the diffusive resistance because

sive resistance are shown by broken, thin-solid, and chaine@e have not included any spin dependence in the diffusive
curves for Ry(=1MT4)=2.0, 5.0, and 10.0, respectively. resistance.
Here the values of R, have been taken to be the same order Now we present the calculated results of the MR ratio for
of magnitude as those &f,,~10 [e?/h] per channel. For case(2) shown in Fig. 3. Here the magnetizationsfoindB
a smaller value oRy, the singular feature of MR ratios at magnets are AP dt=0 and P ah+#0. The configuration of
dv==0.75 and=0.25 can be seen clearly. The correctedthe magnetization in P alignment is shown in the inset of Fig.
MR shows a dependence @ similar to that of the uncor- 3. The parameter values are takensas=0.5,0.65, and 0.75
rected MR ratios as long &y~ 1/(I';+1"|)~5.0. with A,=1.0Agz=—0.5. Because the sign 4f; is negative,
Figures 2a) and 2b) show the calculated results of MR the sign of the contact MR ratios is opposite to that of the
ratio as functions of DW thicknes@umber of layerks for MR ratios shown in Fig. 1. Therefore, the contact N#ero
case(1), where the magnetizations #fandB magnets align  DW thicknes$ is negative or quite small for these parameter
P for h=0 and change AP fon#0. The inset of Fig. @)  sets.
shows schematically the magnetic configuration in AP align-  As can be seen in Fig. 3, the MR ratio may change its sign
ment. Parameter values are taken to &e=0 with A,  with DW thickness. Wheh=0, the magnetizations @& and
=Ag=1.0 for Fig. 2a), and 5uv=0 and 0.6 withA,=1.0 B magnets are AP. By applying the magnetic fiblda DW
and Ag=0.5 for Fig. Zb). The curves shown by solid appears near the interface AfandB magnets. The DWR is
squares and circles are the uncorrected MR ratios. These M&mall for thicker DW. The contact MR is also small because
ratios are positive and increase with decreasing DW thickthe magnetization of th& atomic layer at the interface re-
ness because the resistance caused by the electronic statains AP to that ofA magnet due to a strong coupling be-
mismatch at the interface, and by the twisting of the magnetweenA andB magnetizations at the interface. With increas-
tization increases with an increasing magnetic field. The MRng h, the DW shrinks and its positive contribution to MR
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increases. Therefore, the MR ratio becomes positive as ' ' ' ' '
shown by solid circles and triangles. At a sufficiently high o
I - 0.1 fy

magnetic field, the magnetization AfandB magnets may be .
parallel and DW thickness becomes zero. Because the MR ° 00000";;;;0.
ratios at zero DW thickness are negative or small, the MR '*é Dn‘:‘ Dﬂﬁgm
ratios tend to decrease with decreasing DW thickness. Thus, 0.0 - D:F
the MR ratio shows a nonmonotonic dependence on the DW g | A= 10
thickness and even changes its sign according to the param- |:|/ —o— > -_02
eter values. When the negative MR at zero DW thickness is -0.1 7 _'_ABZ 0'2
too large in magnitude, the MR ratio remains negative irre- B

1 1 1 1 1

spective of the DW thickness. The change in sign of the MR : : : : . .
ratio may occur when the negative contribution from the 0 3 o 15 20 25 30
contact MR and positive one from DW are comparable to Number of layers
each other. . )
The dependence of the MR ratio on the DW thickness 'FIG. 4. Calculated resglts of the MR ratio as funcfﬂons of DW
may not be altered by inclusion of the diffusive conductancdhickness(number of atomic layejsfor A/B/A-type spring ferro-
as long as Ry is the same order of magnitude Bf+T" . magnets witho =0.
The corrected MR ratios fobv =0.65 with Ry=10.0 are
almost the same as the results indicated by circles in Fig. 3
(not shown). the thickness of one DW withiB layer, half of the oscilla-
The effect of spin-dependent scattering may give rise tdion period should be 26/4~16 atomic layers, which is in
complexity in the dependence of the MR ratio on DW thick- good agreement with the results shown in Fig. 4. The short
ness. Different spin asymmetry of the scatteringAcdind B period oscillation caused by the Fermi wavelength itself is
magnets can cause the dependence more complex. Let Heét observed in the figure because the period is an order of
assume for the sake of simplicity that the GMR caused byhe lattice constant. The long period oscillation might be ob-
the spin-dependent scattering is positive; that is, the conduGeryable in sufficiently clean samples.
tance in P alignment is always larger than that in AP align- e have shown that the assumption to the effective chan-
ment. Under this assumption, the GMR is positiuegativé el numbers, Eqg7) and (8) would not alter the qualitative
in case(1) [case(2)]. Therefore, in case 1, the GMR, DWR, featre of the thickness dependence of the DWR. The as-

and the contact MR are additive, and give rise to positivey, ., i :
. ption, however, has not yet proved to be valid. In order
MR. In contrast, in case 2, the GMR, DWR, and contact MR check the validity, one should first generalize the results

can be subtractive, and cause a complex dependence of tained by Schept al!® to a contact of two ferromagnets.

as a function of DW thickness. A nonuniform rotation of e o .
AR . , .~ ._Because this is a generalization of their method used to ex-
magnetization in DW observed in experiments may give rise

to a modification of the present results; however, the qualiplaln the angular dependence_of CPP_GM.R obsetved,
tative features will be unchanged. The sign change in MRIhe resultant expression of the interface resistance should be

predicted in the present study may be observable by applyingPnSistent with the observation. However, the present geom-
a suitable magnetic field or adopting magnets of appropriat§y of the interface with DW-like structgre might violate the
thickness in the spring ferromagnets. Such a result has bedi¢cessary conditions for their thedfy’® The DW region
recently reported by Naguret al.™® for Gd/Co multilayers. ~ May give rise to quantum size effects because the magneti-
Finally, we study the MR oA/B/A-type spring ferromag- Zation rotates layer by layer in the region, and the elastic
nets. We assume that magrigtis a soft magnet and two Mean free path might be longer than the DW thickness. Deri-
DW'’s are produced withirB magnet by the external field. vation of proper expression for the interface resistance for
The width of theB layer is taken to be 70 atomic layers. the present geometry may thus be a problem in future.
Solid circles and open squares in Fig. 4 show the calculated In conclusion, we have performed a numerical study of
results of the uncorrected MR ratio as a function of DWthe CPP-MR in spring ferromagnets within the ballistic limit.
thickness forA,=1.0 with Az=0.2 (solid circles and We have demonstrated that the MR ratio depends non-
—0.2 (open squargsrespectively. We find an oscillatory be- monotonically on DW thickness in spring ferromagnets and
havior in the MR as functions of DW thickness. This is duethat even a change in sign of the MR ratio may be possible.
to the quantum confinement of electrons within Bimagnet  The results are attributed to competitive contributions from
caused by the mismatch of the electronic states between the DWR and contact MR caused by spin mixing within the
andB magnets. The period of the oscillation, which is muchDW and the electronic state mismatch at the interface, re-
longer than the Fermi wave length, is a result of a beat opectively. Although we have calculated the ballistic conduc-
two different wave lengths of the up- and down-spin states inance, the qualitative features may be unchanged after taking
B magnet. In the present choice of the Fermi energygd  into account the diffusive resistance of the order ofl"1/(
the Fermi wave numbers of the up- and down-spin states of I')). We have also predicted an oscillation of MR for
B magnet are about 0z5+ 0.05, which give the period of the A/B/A-type spring ferromagnets, which might be observed
beatAL=27/(Kg —Kg;)~20m in units of the lattice con- in clean samples. For quantitative comparison between
stant. Because the results in Fig. 4 are shown as a function dfieory and experiment, however, realistic models might be
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required, which will be a subject of research in the neatNEDO international projediNano-scale magnetoelectronics
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