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Interface proximity effects in current-perpendicular-to-plane magnetoresistance
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Using a tight-binding model that takes into account a realistic electronic band structure and includes defect
scattering we investigate spin-dependent transport in Co/Cu/Co trilayers when current flows perpendicular to
the plane. We show that resistance of the Co/Cu interface depends on the proximity of another interface, which
makes the parameters characterizing the spin-dependent interface resﬁémpand Yems t0 be dependent
on the layer thickness separating the two interfaces. This leads to a decrease in the measurableSguantity
=(ARsp)(ARyp—ARp) with the Cu layer thickness and, therefore, to the departure from the series-resistor
model. HereARxp is the specific resistandareaA times resistanc®) of the trilayer when magnetizations of
the two Co layers are aligned antiparallaP) to each other, andRs is the specific resistance when the layer
magnetizations are aligned paralléP). We demonstrate that recent experimental data on current-
perpendicular-to-plane transport in Co/Cu/Co spin valves can be explained by the interface proximity effects
without introducing a finite spin-diffusion length.
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I. INTRODUCTION found that the magnitude of CPP GMR in Co/Cu multilayers

The phenomenon of giant magnetoresistaf@MR) has is sensitive to the ordering of the magnetic layers evidencing
been observed in magnetic metallic multilayers in two geom:he presence of the “mean-free-path effects.”
etries: current in the plane of the layk(€IP) and current In CPP GMR the quantity measured is either the conduc-
perpendicular to the plaf€PP.2 Although, due to the small tance per unit area or its inverse, the specific resistéie
multilayer film thickness, experiments within the CPP geom-Where A is the area through which the current flows. The
etry are much more delicate, they can provide important infagnitude of GMR is defined by the rati¢ARp
formation about the mechanisms of spin-dependent scatter-ARp)/ ARyp=AAR/ARyp, Where indices “P” and “AP" re-
ing (for a recent review on GMR see Ref. 3 fer to the parallel and antiparallel magnetization of the
The majority of experiments on CPP GMR are interpretednultilayer, respectively. The series-resistor model, elaborated
in terms of the series-resistor model, in which there are n®y Lee et al!! to include spin-dependent bulk resistivities
relevant lengths except the layer thicknesses. The seriegnd interface resistances, expresses these quantities for a
resistor model is justified for free electrons when the spin-multilayer with N bilayers as follows:
diffusion length is large compared to the layer thickne$ses.

The series-resistor model can be qualitatively understood by ARap = Nlpnty + pete + 2ARg ), @)
the following arguments. When the elastic mean-free path ) . A
is short compared to the layer thicknesses, each layer can be AAR=N(Brpete + 2¥eNnAReN) TARgp. 2

considered as a separate resistor for the current flowing pe
pendicular to the plane of the multilayer. At the other ex-:PF/(l—BE) is the “enhanced” resistivity of the ferro-

treme, when\ is very long, the probability of scattering is magnetic layerARL,=AR:n/(1-7,) is the “enhanced”

the sum of the scattering probabilities within each Iayer..ntencace resistanceg. is the scaftering spin-asymmetr
Therefore, the conductivity becomes self-averaging, which F g sp ymmetry
rameter for the bulk, angg, for the interface.Bg is

. . . . . . al

lrizgi-:‘?eee;:ttr? r|?r é?e\slggf tso ?;g] é:]\ij_lrSt case, making th%alated to the spi_n asymmetry lof %he bulk scattering yvithin

These arguments become, however, invalid when a reaf'® ferromagnetic layerag=pe/pz by the expression
istic band structure of the metal layers comprising a GMR“F_(lfﬂF)/(l_BF)' YEN 1S related to the Spin asymmetry
multilayer is taken into account. The presence of potentiaPf the mteTrface scattering et the FM/NM interfacagy
steps at the interfaces leads to interface proximity effects that AR/ ARE by the expressiom=(1+yen)/(1-ven).
break the series-resistor model when the layer thickness is YWhen the series-resistor model is used to interpret experi-
less or comparable to the mean-free path. The dependence@ENt data, the interfaces are assumed to be described using
the interface resistance on the proximity of other interface NIy two parameters, namelRy and g, which are in-
was found theoretically within a simple tight-binding dependent of the Iayer thickness separating the interfaces.
model® for realistic tight-binding bands in a Co/Cu Ihis makes the quantity
multilayer® and also using first-principle calculations for dis- — [(AR. V(AAR) = * 5
ordered Co/Cu interfacéslt was demonstrated analytically SREV(ARW) (AAR) = N(Bepete + 2venARen)  (3)
that the interface resistance is affected by the exponentiahdependent of the parameters characterizing the spacer layer
terms in the electrochemical potential that decays at a ratgy or ty. The two terms within th&Ron the left-hand side of
comparable to the mean-free pdthExperimentally, it was Eq. (3) can be measured. Thus, for the series-resistor model,

Here py is the resistivity of the nonmagnetic layes,
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a plot of SRversusty for a series of samples with fixeg a Cu/Co interfaces
and fixedN, but varyingty, should yield a horizontal line. If { '
interface proximity effects are preser@R should deviate
from the horizontal line.

The search for deviations from such a horizontal line was
recently performed by Chiangt al!? for Co/Cu/Co, and
Co/Ag/Co, and Co/Au/Co exchange-biased spin-valves. In
all cases sizable deviations were found. However, these de-
viations were largely interpreted using the Valet-Fert b
model®® which takes into account spin-flipping of free elec-
trons but ignores a realistic band structure of the multilayer Colead | Co | Co| Colead
and, therefore, interface proximity effects. Only for
Co/Cu/Co spin valves the decrease, which was larger than
expected within the Valet-Fert model was found; for 10ML 10ML
CO{Ag/CO ar.]d CO/AU/C.:O. spln_-val\_/es,_the decreases were FIG. 1. Geometry used in calculations of the resistances of the
entirely explained using finite spin-diffusion lengths. The au-~01cu7Co trila d Co/Cu interf G irast indicat

.. . yer an 0/Cu Interraces. Gray contrast Indicates
thors concluded that due to uncertainties in these lengths ar&féorder
the data, interface proximity effectmean-free-path effects '

cannot be ruled out. ) . . o
In this paper we use a model that takes into account {! turn. Finally, when the last layer is added, it is bonded to

realistic band structure of the Co/Cu/Co spin valves andn® rght lead to obtain the Green's function of the full sys-
includes defect scatteridd. This model was used success- tem, which is used to calculate the conductance. Periodic

fully to interpret experiment data on thickness-dependenpoundary conditions are imposed on a cell @>44a in the
CIP conductivity in Co/Cu/Co spin-valves measured transverse direction, K points are calculated in the Brillouin
situ1® to explain experimentally observed signs of the ther-Zone, and the conductance is averaged over 12 random con-

moelectric power in Co/Cu and Fe/Cr multilaydfsnd to ~ figurations of disorder.

elucidate the strong dep_endence of the _CPP GMR on the IIl. RESULTS AND DISCUSSION

order of magnetic layers in a Co/Cu multilay€iwe show

that resistance of the Co/Cu interface depends on the prox- First, we calculate the resistance of the Colftgy/Co

imity of another interface that causes the parameters charatiilayer as a function of the thickness of the Cu laggr The

terizing the spin-dependent interface resistank,, and  geometry of the system is shown schematically in Fig.1

veme to depend on the layer thickness separating the twd he thickness of the disordered Co layers is assumed to be

interfaces. This leads to a decrease in SR with the Cu layek0 monolayergML ), which is equivalent to 1.8 nm. In this

thickness and, therefore, to the departure from the seriesalculation the disorder paramei#r0.35 eV is chosen to be

resistor model. We demonstrate that the experiment data ¢he same in the bulk of the Co and Cu layers and at the

Chianget all2 for Co/Cu/Co spin valves can be explained interfaces. This value ob provides bulk resistivitiesc,

by the interface proximity effect without introducing a finite =60 Nl m and pc,~ 15 ) m similar to those observed

spin diffusion length. experimentally:? Figure Za) shows results of the calculation
for parallel (P) and antiparallel(AP) magnetization of the
trilayer. Nonlinearity of the spin-resolved resistances is evi-

Il. METHOD OF CALCULATION dent from the figure, which is especially pronounced for the

We describe the electronic structure of a Co/Cu/Cd/P configuration. This deviation from the Ohmic behavior is
trilayer using a realistic multiband tight-binding model due to the proximity of the two Co/Cu interfaces. In order to

which accounts fos, p, andd orbitals with their full hybrid-  €lucidate the calculated data we fit thpin-resolvedresis-
ization and spin polarizatioH. Disorder is introduced in this {&nces using the following expression:

model as a random variation in the on-site atomic energies of tey

the Cu and Co atoms, with a uniform distribution of standard AR=ARy + 2pcfcyt ARy exp(— 7) (4)
deviations.r” For calculating the conductance the disordered

Co/Cu/Co trilayer is placed between two perfect semi-Here the first termAR, includes the interface resistances and
infinite Co leadgFig. 1(a)], where stacking is in th001]  the ballistic conductance of the leads, the second term re-
direction and the Co and Cu layers are assumed to have thlkects the bulk resistance of the Cu layer, and the third term
fce structure with a lattice parametarequal to that of bulk  describes nonlinearity caused by interface proximity. The pa-
Cu, a=0.361 nm. For each disorder configuration, the contameter\ is the effective mean-free path, which depends not
ductance is calculated using the Kubo formula within theonly on the properties of the spacer laysuch as the elec-
real-space techniqeFirst, the matrix elements of the sur- tronic structure and type and density of scatterérs also
face Green’s function for the bulk C®01) are calculated, on the electronic structure of the interfaces adjacent to this
and then disordered layers are added to the left lead in orddaiyer.

to grow the trilayer. The Dyson equation is solved numeri- Table | contains the values of the constants in @g for
cally to find the Green’s function for each of the added layersach of the three curves fitted. The linear part of Ey.

Colead | Co Cu Co | Colead

10ML  t, 10ML
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FIG. 2. ResistanceAR of Co(10 ML)/Cu(tc,)/Co(10 ML) FIG. 3. Spin-resolved resistance of two Co/Cu/Co interfaces

trilayer (a) and SR\(ARap)(ARap—ARp), (b) as a function of Cu  Separated by disordered Cu layer of thicknggsfor (a) majority-
layer thicknesstc,, in the presence of bulk disordet=0.35 ev.  and (b) minority- spin electrons fofc) P magnetization and\P
Solid lines display fit to the calculated data using ). The inset ~Magnetization. Solid lines display fit to the calculated data using
shows the majority¢circles and minority-(squaresspin resistance  EQ. (5).

for a Cq10 ML)/Col(tc,)/Co(10 ML) trilayer demonstrating a lin-

ear variation ofAR in the absence of interfaces. smallerk;, which have higher velocity. Using the Drude for-

_ _ ~ mula for conductivity,a:(ezlh)(k§/37-r)f, and the known

all three. The larger value &R, for minority spins reflects average mean-free path in Cu to be=44 nm. This value
the larger Co/Cu interface resistance, which is not compe ies sogmewhat in bet\eveen the valuessdbund fbr majority-
sa}ed t_)y g‘e greater baI.I|st|c conductance for this SPnd minority-spin electrons, reflecting the averaging over
orientation® The exponential component of E@) reflects states with differenk

a deviation from linearity related to the variation in the in- Figure Zb) shows”t.he SR quantiti®) as a function of the
terface resistance because of the proximity of the two CU/C?:u layer thickness. According to the series-resistor model,
interfaces. The fact that the consta&®, is negative for the

P magnetization and positive for the AP magnetization showthis quantity should be independenttgf. However, in con-
that tgis offect differspfor the two confi uragtions as will be %rast, our results show a large initial decrease in the SR with
discussed below 9 ' increasingtc,, which is related to the nonlinear behavior of

The value ofA determines the rate of convergence of the.the P and AP resistances shown in Figa)2The breakdown

exponential part of Eq4) and, hence, the return to linearit in the series-resistor model stems from the fact that the
P P . ’ A Y cu/Co interface resistance is assumed to be constant, regard-
and the Ohmic regime of conduction. This occurs fastest fo

minority-spin electrons and slowest for the AP configuration less of the Cu thickness.
. y=Sp . . . oNMguration, -, order to demonstrate explicitly the dependence of the
with majority-spin electrons in the P configuration lying in

between. The dependence bofon spin and maanetization Co/Cu interface resistance on the proximity of the other in-
. » 1€p | SP d mag terface, we performed additional calculations. Figurés 1
configuration originates from a different distribution of elec-

trons entering the Cu spacer laver from the Co lead oveand Xb) summarize the geometry of these calculations. The
9 pacer lay : o {otal resistance of the two Cu/Co interfaces, labeled in Fig.
transverse wave vectors;, within the interface Brillouin

zoné? and from the state dependence of the mean-free patr}(a)’ is obtained in two steps. First, the resistance of Fig) 1

Maioritv-spin electrons have a longer mean-free path due tIS' subtracted from (), leaving the resistance of the two
theJ hi yheFr) robability of transmigsion for eIectFr)ons with u/Co interfaces plus the resistance of the Cu layer, ob-
9 P y tained as a function df,,. Second, the resistance of the Cu

TABLE |. Fitting parameters for calculated data presented inlayer'AR_C“:pCUtC“’ IS SUbtra.Cted from this value, leaving the
Fig. 2@) and 4. total resistance of the two interfaces.
Figure 3 shows the total resistance of both Cu/Co inter-
AR, fQm?) AR, (fQm?) AR (fQm?) X\ (nm) facgs against the Cu layer thickness, for.P anq AP ma_lgneti—
zations. It is clear from the figure that this resistance is not

P majority 521 -0.70 0.39 53 independent of.,. There are strong variations, particularly
P minority 6.25 -0.31 1.18 39 at lowertc,, when the interfaces are in close proximity. The
AP 573 1.11 0.79 17 layer-thickness-dependent interface resistance is the origin of

the breakdown in the series-resistor model. As the Cu layer
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thickness becomes sufficiently large the resistance of the in-
terfaces tends toward a constant value, so the series-resistor
model behavior is recovered.

The most striking variation in the interface resistance is in
the AP case, as can be seen in Fi@)3The interface resis-

o
'

e
)

* 2
AR; (fom’)

tance shows a strong initial decrease with This is because 0.0
of the very distinct electronic structures of the majority and 120 p
minority bands in Co. Scattering by disorder in the Cu layer . 08 ]
assists the electrons that have passed the first Co/Cu inter- £ \
face to be transmitted across the second Cu/Co interface, 04} 1
and hence the interface resistance decreases with increasing 0.0 . . .
tc,. The situation is, however, different for the parallel case. 0 40 t (mfg 120

Cu

As is seen in Figs. @ and 3b), the interface resistance

increases with the Cu layer thickness for both majority and FIG. 4. Parameters of the spin-dependent Co/Cu interface resis-

minority e_Iectrons in the P (_:o_nfiguration, in contrast to theta ce as a function of disordered Cu layer thicknégsenhanced
decrease in the AP case. This is because quantum-well boumf

. T erface resistancAR.,, and (b) spin-asymmetry scattering pa-
states are created in the Cu layer when it is placed betwe meterye . Ren (b) sp y y gp
the Co leads of higher electronic potential. These bound AN

states do not contribute to the conductance at small Cu thick- Variati f th in-d dent interf . ith
ness. Therefore, majority-spin electrons, due to similarity of variation of the spin-dependent interface resistances wit

the band structures of Cu and Co, traverse the thin Cu Iayé e thickness of the layer ;gparating the two intgrface§ causes
almost with no scattering, making the interface resistanc&1€ Parameters characterizing the interface resistaigg,
very small[see Fig. 8)]. However, ast, increases, the andyg/\, to depend on the prozqmlty of the interfaces. Figure
defect scattering redistributes the current-carrying electron Shows the dependence AR,y and gy on fc, recalcu-
between the conducting and bound states, and the interfal@€d from the fitting curves in Figs.(@ and 3b). Not
resistance increases. Minority-spin electrons display a lesdnéxpectedly, these parameters vary quite considerably
pronounced departure from linearity than majority-spin elec\Vith the Cu I?yer thickness.ARgy increases from
trons. This is because of disorder, which intermixes thed-27 to 0'39_ﬂ m". ¥em drops from O'_88_t° 0'52_' reflecting
closely lying minority Cod bands and smears out the poten-& decrease in the spin asymmetry with increasigThese
tial well.8 calculated values oAR, and ygy are consistent with the
The calculated data shown in Fig. 3 can be fitted using th&XPeriment value$: The layer thickness dependence of
expression these parameters might partly_explaln the spread in t_he val-
ues of these parameters obtained by different experimental
te, groups, although other factors may also play a (e, e.g.,
AR=2AR + AR, exp(— —) , (5) Ref. 21 and references thergin
A The interface proximity effect is sensitive to the degree of
disorder at the interfaces because scattering by this disorder
averages the transmission probability over different trans-
verse wave vectork, improving the conditions for applica-
eoility of the series-resistor model. Due to interface roughness
“and interdiffusion it is likely that the interface disorder is
stronger than the bulk disorder. The influence of the interface
disorder is explored in Fig. 5, where three SR curves are

in which AR, and\ have the same values as in E4). The

fit allows us to find the values of the interface resistaAge

in the asymptotic limit of a thick spacer layer. The results ar
presented in Table I. It is not surprising that within a statis
tical error the value oAR for the AP configuration is equal
to the average of thAR values for the majority and minority

electrons in the P configuration, reflecting the fact that for
sufficiently large Cu layer thickness, the series-resisto
model behavior is recovered.

The asymptotic value of the interface resistance obtained
in our calculation for majority-spin electrons, 0.39 in?, is
in very good agreement with the value of 0.3%1? re- R’ ° §,=035V

&’% < §,=07eV

Iplotted as a function of the Cu thickness. In the calculation
of each of the curves, the bulk disorder parameter was kept

2

ported in Ref. 18 for a single Co/Q001) interface. On the
other hand, the asymptotic value of the interface resistance
for majority-spin electrons in our calculation, 1.1Q i?, is
much less than the value of 1.921in? in Ref. 18. The reason

for such a strongly reduced interface resistance is the pres-
ence of disorder in our model. A significant mismatch in the
band structures of the minority-spin electrons in Co and Cu
leads to a low transmission coefficient through the Co/Cu
interface for the minority spins in the absence of disotler.  FIG. 5. Calculate®R= \(ARxp) (ARsp-ARp) VS Cu layer thick-
This is the condition at which the diffuse scattering assistsiess for different values of disorder parame®y at Co/Cu
conduction, thereby reducing the resistaffte. interfaces.

SR (fom®)
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order of magnitude. Nevertheless, the deviations from the
series resistor cannot be ignored and lead to a nonnegligible
decrease is SR, as is seen from Figh)6The solid line in

this figure has a slope of —0.00®fm?/nm showing the
agreement with experiment. We note that the absolute values
of the SR are also consistent with experimental data, demon-
strating the correct magnitude 6AR,p—ARs) and, conse-
quently, the GMR ratio in our calculation. We conclude,
therefore, that the experimental data presented in gd@gr

on CPP GMR in Co/Cu/Co spin valves can be explained by
the interface proximity effect without introducing a finite
spin diffusion length.

00— 20 30 40 50 IV. CONCLUSIONS

t,, (am)

Using a tight-binding model, which takes into account
FIG. 6. Resistance for paralld®) and antiparalle{/AP) configu- realistic electronic band structure and includes defect scatter-

ration of () a Co/Cu/Co spin valve an8Rvs (b) Co layer thick- ing, we haye investigated - spin-dependent 'Fransport in
ness for6=0.35 eV ands,,=1.05 eV assuming that an additional Co/Cu/Co trilayers when current flows perpendicular to the
resistor in series is included to fit the resistance measured in RePlane. Our results show th&R= \(ARxp)(ARyp—ARs) var-
12. The solid line has the slope of —0.0aZ Mm?/nm, which is the ~ i€s with the thickness of the Cu layer, which is in contradic-
best fit to the experimental datRef. 12. tion to the series-resistor model, where this quantity is as-
sumed to be constant. The variation in SR is most striking at
to be constant=0.35 eV, whereas the disorder within one smaller thickness of the nonmagnetic layer and is related to
Cu monolayer and one Co monolayer on each side of #e proximity of the Cu/Co interfaces. When the Cu spacer
Cu/Co interfaces,, was varied. layer thickness is smaller than the mean-free path, the total
The three SR curves in Fig. 5 exhibit qualitatively similar resistance of the two interfaces is considerably different than
behavior, showing a decrease in SR with increasingltis  at large Cu thicknesses. This variation in the resistance of the
seen that increasing interface disorder leads to a flattening @o/Cu interface with the Cu layer thickness causes the pa-
the SR curve, resulting in better agreement with the seriesameters characterizing the spin-dependent interface resis-
resistor model, which requires SR to be constant. Nevertheance AR, and yg), to depend on the layer thickness sepa-
less, even for large values of interface disorder we see gting the two interfaces, thereby demonstrating departure
sizable variation in SR. from the series-resistor model. Interface proximity effects are
The results of our calculations can be compared with thejso seen when enhanced interface disorder is introduced into
experimental data obtained for Co/Cu/Co spin valves byhe calculations, although it becomes less pronounced with
Chianget al'? These data show a gradual decrease in SRncreasing disorder.

with tc, and are fitted by a straight line with a slope of  The results of our calculations are consistent with the ex-
-0.007 f2 m?/nm and a maximum value of the SR at zero perimental data of Chianget al’*> on CPP GMR in
thickness of about 2(I m? (see Fig. 6 in Ref. 12 The SR Co/Cu/Co spin valves. We show that these data can be ex-
magnitude depends on the total resistance of the systerlained by interface proximity effects without introducing a
which includes other resistofsuch as a pinning layenot finite spin-diffusion length. This fact suggests that the esti-
considered in our calculation. Therefore, in order to correlatgnates for the spin-diffusion length based on a model that
our results with the experimental data we first added a resiggnores the interface proximity effects in CPP GMR may
tor in series to our data to obtain the total resistance in th@ead to underestimated values of the spin-diffusion length. It
range of 14 £ m? close to the experimental values. Then,would be highly desirable to develop an experimental

we varied the interface disorder paramedgy keeping other  method for measuring the spin-diffusion length with no in-
parameters fixed to obtain the experimentally measured slopglvement of any model.

of the SR quantity versuig,, of —0.007 £2 m?/nm. The best
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