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Ab initio calculation of the perpendicular giant magnetoresistance
of finite Co/Cu(001) and Fe/Cr(001) superlattices with fluctuating layer thicknesses
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The results of rigorous quantum calculations of the current-perpendicular-to-plane giant magnetoresistance
(CPP GMR of finite Co/CY001) and Fe/C{001) superlattices with perfectly flat interfaces but with growth-
induced fluctuations in layer thicknesses are reported. They are based on an exact numerical evaluation of the
Kubo formula using tight-binding parametrization with p, d bands and hopping to first and second neigh-
bors of anab initio band structure. These calculations show that three distinct regimes of CPP transport
occur. When there are no fluctuations, CPP transport is in the ballistic regime. The CPP GMR_pataf
finite Co/Cu and Fe/Cr superlattices in the ballistic regime reach saturation values eRdaptif an infinite
superlattice after only-3—5 repeats of a superlattice unit cell and the maximum valuBg gfare of the order
of 100%. When small fluctuations in layer thickness corresponding to only one atomic plane at the interface
being displaced are introduced, transport changes from ballistic to Ohmic. The calculated GMRftio
increases initially linearly with the numbeN of ferromagnet/spacer bilayers and then saturates for
N~40-50. The theoretical maximum valuesRfpp for Co/Cu and Fe/Cr superlattices in the Ohmic regime
are in the region 800—1000 %. The zero-field and saturation-field resistances increase lineaNy(gathd
Ohm’s law) and the calculated zero-field resistance of the Co/Cu superlattice is within 10% of the resistance
observed in a Co/Cu sample of the same composition and thickness. Small spontameadis-induced
fluctuations in layer thickness can thus account well for the observed CPP GMR. When superlattices with large
fluctuations in layer thickness are grown deliberatglyeudorandom spin valveshe Ohmic regime changes
into, experimentally as yet unexplored, Anderson localization regime. The results for Co/Cu and Fe/Cr super-
lattices in which layer thicknesses are made to fluctuate typically between 2 and 10 atomic planes show that
strong disorder of the sequence of ferromagnet/spacer interfaces has virtually no effect on the saturation-field
resistanceRgy,, which remains as low as in the Ohmic regime. The zero-field resistance, on the other hand,
increases approximately exponentially with the number of bilajem™ue to Anderson localization with a
localization length=30—40 nm. The CPP GMR ratRcpp, therefore, also increases approximately exponen-
tially with N and values as high &pp~3x 10* are predicted for Fe/Cr valves with~50 bilayers. Some-
what smaller Repp~10*) enhancement of the CPP GMR is obtained for Co/Cu pseudorandom spin valves.
The conditions under which such enhancement should be observable are dis$6%68-18207)04102-7

[. INTRODUCTION on an exact numerical evaluation of the Kubo formula for fcc
Co/CU001) and bcc Fe/G001) finite superlattices sand-
| recently proposelithat magnetic multilayers with delib- wiched between two semi-infinite leads. These calculations
erately induced large fluctuations in layer thickness shouldhow that, depending on the size of fluctuations in layer
exhibit a very large enhancement of the current-thickness, three different regimes of CPP transport occur:
perpendicular-to-plane giant magnetoresistai@P GMR. ballistic, Ohmic, and Anderson localization.
Such multilayers will be referred to as pseudorandom spin The first regime corresponds to no fluctuations in layer
valves? A single-orbital tight-binding model used in Ref. 1 thickness, i.e., the case of transport in a perfectly periodic but
predicts that the CPP GMR of a pseudorandom spin valvéinite superlattice without any impurities. The superlattice is
grows exponentially with its thickness and values of thesandwiched between two semi-infinite leads made of the
GMR ratio Repp as high aRcpp~10° % can be expectel. same material as the nonmagnetic spaGar or Cj. When
The large enhancement of the CPP GMR is due to quanturthe numbem,,; of unit cells of such a finite superlattice is
interference of electrons undergoing multiple reflectionssufficiently large (typically, N,,;~3-5 is enough the re-
from a disordered sequence of ferromagnet/spacer interfacesults of Schepet al® for an infinite superlattice are recov-
The predicted very large enhancement of the CPP GMR caared. This provides an independent check on the validity and
be observable only if the contribution to the resistance of accuracy of the evaluation of the GMR from the Kubo for-
pseudorandom spin valve due to quantum interference efula since Schept al® have used a completely different
fects is so large that it dominates the total resistance of thenethod based on counting propagating statdkte that
valve. To decide whether this is the case one needs to makkeir method can only be applied to a perfectly periodic in-
a rigorous quantum calculation of the total resistances in thénite system). As already demonstrated by Schepal3, a
antiferromagnetidAF) and ferromagneti¢FM) configura-  largeRqpp>100% due to quantum effects is obtained. How-
tions for a specific multilayer system using aln initio band  ever, the total resistance from this source for typical Co/Cu
structure. | report here the results of such calculations basesliperlattices is only=3x 10~ 5 m?, which is too small to
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explain the measured results. Moreover, the calculated resis- CURRENT
tances and GMR are independent of the sample thickness
which disagrees with the experimémOne must, therefore,
conclude that quantum effects in perfect periodic superlat-
tices (ballistic transpost are not seen in the present experi-
ments. However, they should be seen in future devices with CutCn) || Co fluf Cojcul... g“ ((fr)
smaller transverse dimensiofisallistic contacty. Lead (Fe) [|Cnff (Fe) J1(Cr) ea

The second regime occurs for finite Co/Cu and Fe/Cr su-
perlattices without any impurities in which the thicknesses of
both the magnetic and nonmagnetic layers are allowed to | |
deviate at random from their nominal values. The CPP GMR SUPERLATTICE UNIT CELL
was again evaluated exactly from the Kubo formula. Small
fluctuations in layer thickness corresponding to only one FIG. 1. Schematic representation of a finite magnetic superlat-
atomic plane at the interface being displaced were considice in the CPP geometry. All the magneticonmagnetit layers
ered. Such small fluctuations occur spontaneously due to tehave the same thicknedd (N) in Sec. Il but the thicknesses of
race formation even in most carefully grown superlatticesboth magnetic and nonmagnetic layers are allowed to fluctuate at
The effect of such relatively small growth imperfections onrandom in Secs. Il and IV.
the CPP GMR is profound. The transport changes from bal-
listic to Ohmic and the CPP GMR increases initially linearly tacts(lead wire$. This is one step closer to reality than the
with the superlattice thickness and then saturates. This iﬁioneering work of Schept al® who calculated the GMR
precisely the 4behaV|or of the CPP GMR observed Dyor 5 perfect infinite superlattice using ab initio band
Schroedeet al" The calculated CPP GMR ratReppranges  sirycture. With a finite superlattice, one has a translationally
from about 50 to 1000 % depending on the sample thicknesgnomogeneous system and the method of counting all the
and unit cell compqsmon._More_over, the total resistance iNhropagating states in an infinite superlattice, employed by
the antiferromagnetic configuration of a Co/Cu sample of th%chepet al,% is no longer applicable. The Kubo formula has
same composition and thickness as in Ref;é, calczulateg) be used instead. It was evaluated using a tight-binding
without any adjustable parameters,4s165<10° ™ Q m".  sarametrization withs,p,d bands and hopping to first and
This is almos‘tl exactly the same value as observed D¥econd nearest neighbors of am initio band structure. The
Schroederet al”. The calculated results, therefore, '”d'catetight-binding parameters for ferromagnetic fcc Co were
that the whole observed CPP GMR can be explained byaken from Ref. 7 and those for Cu, Fe, and paramagnetic Cr
quantum scattering from small fluctuations in layer thick-\yere taken from Ref. 8. A small lattice mismatch between
ness. . _ _ColCu and Fe/Cr was neglected.

Finally, _when large fluptu_auons in layer thickness are in- The system for which the Kubo formula was evaluated is
duced deliberately, one is in the pseudorandom spin valvgnown schematically in Fig. 1. It consists of the left and right

. 1 . .
regime: Pseudorandom spin valves can be fabricated byemi.infinite lead¢contacts made of the spacer materigu

growing layers whose thicknesses follow a predetermined, cp which are attached t,,; repeats of a superlattice unit
pseudorandom sequent@nce a specific pseudorandom se- .|| "Each magnetic unit cell consists of a ferromagnetic
quence is chosen to grow an experimental sample, the CRByer containingM atomic planes followed byN atomic
GMR of that partic_ular s_ample can be evaluated exactly fromy5nes of a nonmagnetic spacer, a second ferromagnetic
the Kubo formula in which the same pseudorandom growtfjayer containing agait atomic planes and, finally, a second

sequence is used, and vice versa. | report here the results fg nmagnetic layer oN atomic planes. For the purpose of
Co/Cu and Fe/Cr pseudorandom spin valves in which th@,mnaring the calculated results with the experiment, the
thicknesses of the magnetic and nonmagnetic layers werg .o commonly used number of bilaydN=2N,.,) will
typically made to fluctuate between 2 and 10 atomic planes,, |,seq. P

The calculations based on ab initio band structure confirm The Kubo formula has to be evaluated separately for up-
the results obtained earlier for a single-orbital tight—bindingand down-spin carriers in the FM configuration and for car-

1
model: The calculated CPP GMR of Co/Cu and Fe/Cr pseUsjerg of either spin orientation in the AF configuration. Since

dqrandom Spin \_/alves Increases app_rommately expon(_anUall%e in-plane translational invariance is preserved, the wave
with the valve thickness and the maximum calculd®gdpis

of the order of 510" % both for Co/Cu and Fe/Cr valves.

vectorlZH parallel to the layers remains a good quantum num-
ber. It follows that the total conductanté in a spin channel

o can be written for any magnetic configuration of the su-
IIl. FINITE PERFECTLY PERIODIC SUPERLATTICE perlattice as a sum of partial conductances

The only reliable quantum-mechanical method for calcu-
lating the GMR without any adjustable parameters is an ex- .
act numerical evaluation of the Kubo formula using a fully r7=2 (enI(k) (1)
realistic band structure. In general, this is, of course, an im- K
possible task. However, there are well defined cases for mag-
netic multilayers accessible to experiment for which this can L ) )
be done. The simplest case is that of a perfect finite supetvhere I'?(k)) is the partial conductance in a channel
lattice without any impurities sandwiched between two con<{k;,o) measured in units of the quantum conductaetiéd
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and the sum in Eq(1) is over all k| from the two- andright overlayers. | use notatigg, for the left andgy, for
dimensional Brillouin zongBZ). The partial conductance the right overlayer surface Green’s functions. Finally, the
(k) is given by the Kubo formul&®-'t For a general €xact Green's function8g,, Gi;, andGg, for the connected
multiorbital band structure, the Kubo formula expressed inmultilayer are obtained frongg, and g7; using the Dyson
terms of the one-electron propagators takes the foIIowingiquationl-

form The Green’s functiorgg, is simply the surface Green's
_ _ function of the left semi-infinite leafCu or Cy. The surface

T7(K)) = 4T Gy k) toa(K) Ga(Ktao(Ky) Green’s functiongg, of the right overlayer is generated

- recursively®**from the surface Green’s function of the right

— Re(Ggy(ktso(K)) Gaa(Ktio))]. (2)  semi-infinite lead. All the atomic planes of the right over-

layer are deposited one by one on the right lead and the
overlayer surface Green's function is updated after each
deposition from the Dyson equation:

Equation(2) is a straightforward generalization of the result
obtained earlier by Lee and Fish&tsee also Ref. )ifor a
single-orbital tight-binding model. The inr(iléces 0,1in EB).
label any two neighboring principal planégarallel to the 7 RN I=[% (KT~ o

= 2 " R =10 —t Ki)tio, 4
layer structure, Gi,j(kH):(1/2i)[Gi7,j(kH)_GiJ,rj(kH)]a and [gnej\X P] [Dicol(K))] 01901d(Kt10 (4)
G; (k). G/'j(k)) are the matrix elements between principal Wheregig,(k;) is the Green's function of an isolated princi-

p|anes’ ,j of the advanced and retarded one-electron Green’§al layer of the material that is being deposited. Provided the
functions evaluated at the Fermi ener@. Similarly, surface Green's function of the lead is known, the recursive
t01(IZ”) is the tight-binding hopping matrix between the prin- method k53a§ed on repeated apphcaﬂon of @1(method of

cipal planes 0,1. Because of the current conservation, th diayers’) involves no approximations and, therefore, gives

choice of the planes 0, 1 is arbitrary. The trace is taken ove € Green’s functions of the connect(_ed m_ultilayer Wi.th ama-
all the orbital indices that are contained implicitly in the chine accuracy. Moreover, the technique is not restricted to a

principal layer indices 0,1. Since hopping to nearest and Se(ggeriodic system and this flexibility of the method of adlayers

ond nearest neighbors is considered, each principal plan\giII be exploited to the full in Secs. Il and IV.

contains two atomic(001) planes and, therefore, all the The only remaining proble_m is, therefore, the calculation
Green's functions and hopping matr,ices in E@) are of the surface Green’s functions of the left and right semi-

18x 18 matrices. Finally, the usual GMR ratio, defined ir]infinite leads. In our previous calculatidfiof the exchange
terms of the conductanc:es for the ferromagn(a'ﬁM) and coupling in Co/C001), we used an iterative decimation

. . : . . : technique'® In this method, the surface Green’s function is
2?;#?3”;\7;?%3“(1AF) configurations of the magnetic lay approximated by its value at the surface of a thick stack of

atomic planes. However, to obtain a truly surface Green's
(Tl I _ophl 1,1 function, it is necessary to add in the decimation method a
Rope=(Tewt Pen— 2L 40) 20 4 @ smal imaginary part to the energy to disrupt quantum in-
The input in Eq.(2) are the matrix elements of the one- terference between the two surfaces of the slab. When
electron Green's function in and between the principalsmall, the convergence of the decimation method becomes
planes 0, 1. This is exactly the same information that igpoor. This is not a problem in total energy calculations since
needed in the calculation of the oscillatory exchange couene integrates over a contour in the complex energy plane.
pling from the spin-current formuf&:** The formal similar- However, there is no energy integral in the Kubo formula
ity between the spin current formula for the couplihgnd  (transport takes place at the Fermi surfaaed e has to be
the Kubo formula for CPP transport merely reflects the facvery small in order not to introduce a spurious resistance due
that the two effects are closely related. The oscillatory couto finite lifetime effects. | have, therefore, used an entirely
pling is determined by the spin current between the magnetinoew noniterative technique for generating the surface
layers and the CPP GMR by the electric current but bothGreen’s functiof’ in which the convergence problem does
currents are, of course, carried by the same electrons. Thit arise. A valuee=10"8 Ry, which was used in all the
observation alone is a compelling reason for making a fullycalculations, is so small that it has no effect on the conduc-
guantum calculation of the CPP GMR. Without quantum in-tance.

terference effects, there would be no coupling and itis, there-  Finally, the BZ sum in Eq(1) overIZH needs to be carried
fore, most likely that the quantum effects are very importanty + The convergence iﬁ‘ is not such a serious problem as

also in the CPP tr:.:msporp . , in the calculation of the oscillatory exchange coupling. This
From the technical point of view, the formalism for cal- s pecayse, unlike the coupling, the GMR effect does not
culating local one-electron Green’s functions has alread)ﬂecrease with increasing thickness of the multilayeam

beenb develf?pe% fo: 3stcllltar:ory exch?ngeblcoudgrw]d It t&g\tﬂ interested here in details of quantum oscillations of the
can be easlly adapted fo the present probiem. LUne uses R about its average valtfe'® which would require a far

trick of cutting formally the multilayer between the planes . S
g y y P igher accuracy.Nevertheless, a large number kof points

0 and 1 into two disconnected parts by setting the hoppin . . ! !
! parts by g Pp! jgthe two-dimensional2D) BZ is needed to determine even

matrix hy; equal to zero. The two disconnected parts ar . .
referred to as the left and right overlayers on semi-inﬁnitethe nonoscillatory part of the GMR. In all the calculations

leads? It is convenient to make the cut between the finitereported here, I first used & points in the 2D BZ and then
superlattice and the left semi-infinite lead. The next step ig€hecked the result for convergence witk 40* points. This

the calculation of the surface Green’s functions for the leftnumber oflzn points is sufficient to achieve convergence for
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1.80 hand, the observédotal resistance in the AF figuration can
: be as large as 13610 '° O m?. Moreover, the observed
resistance increases linearly with increasing thickness of the
multilayer whereas the ballistic resistance is independent of
©c © o 0% o o the thickness. This indicates that purely ballistic effects are
o o not seen in the present experiments. However, it would be
o} quite wrong to conclude that quantum reflections from per-
fectly flat interfaces play no significant role in CPP transport
without first investigating the effect of small fluctuations in
layer thickness which inevitably occur even in most carefully
grown superlattices.
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E IIl. FINITE SUPERLATTICE WITH SMALL
FLUCTUATIONS IN LAYER THICKNESS

O%os - oon B0 o0 Ho.00 - . —
NUMBER OF BILAYERS N In Sec. Il perfect finite superlattices were investigated.
Real samples contain imperfections. Even if the impurity
concentration is negligiblée.g., for samples smaller than the
mean free path there are always growth imperfections in
any layer structure. They arise because the control over layer
multilayers of up to 150 nm thick. This means that, for su-thicknesses in deposition cannot be perfect and also because
perlattices with about fifteen atomic planes per unit cell, theof spontaneous terrace formation. The method of adlayers
total number of bilayers that can be handledNis100. For  combined with the Kubo formula allows us to determine
larger unit cells, reliable results can be obtained only forexactly the CPP GMR and the individual conductances in the
N=<50. FM and AF configurations for multilayers in which layer
The calculated CPP GMR ratio for GBu5 superlattice is  thicknesses deviate at random from their nominal values. |
plotted in Fig. 2 against the number of bilayeMs The re-  will make the most optimistic assumption that individual
sults for Co/Cu superlattices with other compositions of thdayer thicknesses in experimental samples are controlled so
unit cell and those for Fe/Cr superlattices are qualitativelywell that they fluctuate at random by no more than one
the same. A typical feature is that after only about threeatomic plane. This restriction will be relaxed in Sec. IV.
repeats of the unit cell the CPP GMR rafRypp for all the The method for calculating the conductances and GMR
superlattices investigated reaches a saturation value equal tatio from Eqgs.(1)—(3) is exactly the same as for a periodic
Rcpp Of an infinite superlattice. Oscillations about the satu-superlattice but the layer thicknesses used in the adlayering
ration value seen in Fig. 2 are a genuine effect and occur dugrocedure(4) are now selected according to the following
to size quantization in a superlattice of a finite thickness. prescription. Pseudorandom sequenidds} and{N;} of in-
Given that the average nonoscillatory component of theegers distributed uniformly over intervdlM i, M a2 @nd
CPP GMR reaches its saturation value so rapidly, there is NpNin, Nmax are generated and the thicknesbgsandN; of
need to discuss here finite superlattices in any great detaihe magnetic and nonmagnetic layénseasured in numbers
since the results of Schegi al2 for infinite superlattices are of atomic planes are chosen to follow these sequences.
already a very good guide to their behavior. In the case ofince fluctuations of only one atomic plane are allowed, the
CosCus superlattice, the saturation value of GMR is conditionsM ,— M nin=1 andN,— Nyin=1 are imposed.
Rcpr~=150 %, which is very close to the result obtained by To study systematically the conductances and CPP GMR
Schepet al. (120%) for an infinite Co/Cu superlattice of the of Co/Cu samples, the nominal thickness of Cu spacer was
same composition. The small discrepancy between théxed betweerN, ;=5 andNs=6 and nominal Co thick-
present results and those of Scteeml 2 is due to differences nesses were in the range<M ;<8 (3< M,=9). The
in the band structures use@&chepet al3 considered a tetra- choice of the Cu thickness is dictated by the fact that the
hedral distortion of the Co lattice to allow for a small lattice coupling should be antiferromagnetic. The thickness of Co
mismatch between Co and Cu which is neglected in thdayers was restricted to relatively small values to keep the
present work. When the conductance calculated from thecomputer time within reasonable limits. The calculated CPP
Kubo formula for pure Cu is compared with the conductanceGMR for a Co;_gCus_¢ superlattice is plotted as a function
obtained by counting the propagating states, the results awf the number of bilayer&N in Fig. 3 for 2<N<50. The
identical® and equal to the value of the ballistic conductancesuperlattice with this particular composition of the unit cell
of pure Cu quoted by Schegt al*® was selected for Fig. 3 because Co{Cll) samples with the
The fact that the calculated CPP GMR is almost as larggame Co and Cu layer thicknesses were investigated by
as the observed efféds not sufficient. It is also necessary to Schroedeet al?
check whether the total resistance of the sample, particularly It can be seen from Fig. 3 that small fluctuations in layer
in its AF configuration, is large enough to be measurablethickness have a profound effect on the GMR. The magni-
The results of the present calculation, in agreement withude of the calculated GMR rati®-ppis Now so large that it
Schepet al.,? give 2I' ,\p~3x 101 O~ m~2. It follows that  can easily account for the whole observed efiglats is not
the ballistic resistancB,e, which is independent of the su- the case for the purely ballistic contribution discussed in Sec.
perlattice length, is only about:310~1° ) m?. On the other  Il). Moreover, the transport is clearly no longer ballistic and

FIG. 2. Dependence of the CPP GMR ratio of a finite;Cuas
superlattice on the number of bilayexs
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FIG. 3. CPP GMR ratio of a Gp oCus_g superlattice with FIG. 5. Resista_nces _in the ferromagnefitM) and a_ntiferr_o-
small fluctuations in layer thickness plotted against the number offagnetic(AF) configurations of a Cg_oCus_g superlattice with
bilayersN. small fluctuations in layer thickness plotted against the number of

bilayersN. Circles denote the resistanBg squares the resistance

the calculated CPP GMR appears to increase linearly witfRiw: and triangles the resistan&y .
N. However, the linear dependence of the CPP GMR on the The crucial test of the theory is, therefore, whether the

number of bilayersN holds only for relatively smalll values absolute values of the resistand@s, and Rxe calculated
_?th For Iartggn\l, the C.PPF.GM:T tr)eaches a fsatura'uon tv"f[l.luevi/ithout any adjustable parameters possess these two proper-
IS Can?ﬁ € s_,eer;nm i Ig'.t dt eNCiusg' Hor complfJ aliongles. Moreover, they must also be of the same order of mag-
reasons, the maximufl is fimited tolN=50. HOWEVer, fora iy 4e as the measured resistances. The theory has one ad-
C0,_5ClUs_g superlattice, fully convgrgeq results can be Ob'vantage over the experiment in that the resistafigsand
talnecri] forl\_lﬁlr?o. They areds_,hown ml F'?' @tépen circles Rk, in the up- and down-spin channels in the FM configu-
together with the corresponding results for. rs_g SU- . L
9 A ponding resu 2F8CTs 6 SU- N can be calculated separately. They are plotted in Fig. 5

perlattice (full circles). It can be seen that the GMR ratio ) ) = 1l
Rcppreaches a saturation value of the order of 800—1000 ())(;)_()geth_er with the re5|standEAF—(1/2)RAE in the AF con-
>f,|gurat|on against the number of bilayerll for the

for both the Co/Cu and Fe/Cr superlattices. This is precisel :

the behavior reported by Schroedaral® for their Co/Cu  C%-¢CUs—¢ Superlattice. _ _

samples. The observed initial increase of the CPP GMR fol- It can be seen from Fig. 5 that the calculated resistances in
lowed by a saturation is due to two factofd: the measured @&/l three channels obey an almost perfect Ohm's law and
resistance®Rpy and Rae in the FM and AF configurations start from approximately the same value for snidllA lin-

obey Ohm's law{ii) the values oRgy andR, extrapolated €& dept_andence ON clearly _indicates tha_t the cal_culated
to N=0 are very nearly equal to one another. CPP resistances are due mainly to scattering from interfaces.

In fact, an alternative way of viewing a superlattice with
small fluctuations in layer thickness is to regard such a sys-
12.00 ¢ tem as a perfectly periodic superlattice in which single
2 . ° atomic planes of a wrong typéCu instead of Co, and vice
10.00 _ oo ~, ‘.' * versa are inserted at random at the interfaces. The calculated
3 Soop CPP resistances can be then explained as being due to scat-
oapdlech @ tering from “impurity” planes located at the interfaces. The
linearity of the effect indicates that the scattering from dif-
E ferent interfaces is uncorrelated in this regime.
600 o9 The calculated zero-field resistanc®,r of the
: Coy_oCus_g superlattice(circles in Fig. 3 can be compared
t00F o &P with the experimental results of Schroedsral? It is only
F o necessary to extrapolate linearly the calculaRg: from
g N=50 to N=150, which is the thickness of the sample in-
&’ vestigated in Ref. 4. The theoretical resistanceNer150 is
Tk Rar=165x10 1° O m?. This is almost exactly the same
T Y R T X R T T TT value as the resistan&r=175x 10 1°Q mz measured by
NUMBER OF BILAYERS N Schroedetet al? for a Co/C\{111) superlattice of the same
composition and thicknessNE 150). The results for the
FIG. 4. CPP GMR ratios of Ca ;Cus_g (open circles and  C0,_3Cus_g and Fg_3Crs_g superlattices, shown in Fig. 6,
Fe,_sCrs_g (full circles) superlattices with small fluctuations in are very similar and demonstrate that a good Ohm’s law
layer thickness plotted against the number of bilayérs holds also for largeN, which provides a justification for the

g
o
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only modification that the roles of the up- and down-spin
channels are interchanged. This is due to the fact that it is
now the down-spinminority) band in Fe that matches al-
most perfectly the bands of Cr.

Before | leave this section, a comment on the nature of
randomness in samples with small fluctuations in layer thick-
ness is called for. | used a pseudorandom number sequence
to model such fluctuations. One could argue that a configu-
ration average is required. However, when different pseudo-
random sequences are tried, one finds that the calculated con-
ductances are insensitive to the choice of the sequence. This
might seem surprising to those familiar with a large body of
theoretical work on one-dimensional disordered wires. How-
ever, the explanation is simple. One must remember that the

-2 multilayer is not a strictly one-dimensional system. For any

0.00 NGﬁOBERm?)OF ﬁgf?&YEal%go Nl°°'°° fixed configuration of interfaces, electrons in differd?wt
channels sample different pseudorandom potential reliefs.

FIG. 6. Total resistanceR,r andRgy in the antiferromagnetic  Since the total conductance given by Kfj. is the sum over

(AF) and ferromagneti¢=M) configurations of Ce_;Cus_g (open  all IZ”, some averaging over disorder is built in naturally.
symbols and Fe_3;Crs_¢ (full symbolg superlattices with small

120.00 |
80.00 [

40.00 |

RESISTANCE (107'°0.M%)

fluctuations in layer thickness plotted against the number of bilayers IV. CO/CU (001) AND FE/CR(001)
g. Circles denote the resistan€ and squares the resistance PSEUDORANDOM SPIN VALVES
FM -

. . . Having established in Sec. Ill that quantum reflections
linear extrapolation used above. Only the total resistancegom perfectly flat interfaces in multilayers with small fluc-
Rew (squaresandRye (circles in the FM and AF configu-  ations in layer thickness lead to CPP resistances that not
rations are shown in Fig. 6. Qualitatively the same behaviopy gisplay the observed Ohmic behavior but also have the
is obtained for all the Co/Cu and Fe/Cr superlattices investizgrrect magnitude, one can address with some confidence the
gated with nominal CdFe) thickness ranging from two t0 jnteresting questions concerning transport in pseudorandom
hine atomic planes and nominal G@r) thicknesses fixed gpin valves with deliberately induced large fluctuations in
between 5 and 6 atomic planes. layer thicknesg.

The behavior of the resistan&,, in the up-spin channel  “The results of Sec. Il show that the CPP GMR ratio
in the FM configuration of the Co/Cu superlatti@gjuares in - R for a superlattice in the ballistic regime is independent
Figs. 5 and Bis also very interesting. Because the matchingof jts thickness(for N,:=3—-5) and the maximum attain-
of the up-spin bands in Co to the Cu bands is almost perfeclp)e Repp is only of the order of 100 %. The GMR ratio
there is virtually no scattering at the interfaces and, thereforeRCPPOf a superlattice in the Ohmic regime also saturates as a
Rhy increases only very slowly witlN. Up-spin(majority)  function of the number of bilayes and the maximum theo-
electrons thus provide a low-resistance channel which shuni&tical attainable value dRcpp for Co/Cu and Fe/Cr super-
the high-resistance chann},, (triangles in Fig. 5 It fol-  |attices is of the order of 1000 %. Saturation Répp is a
lows that, for all practical purposeEL,\,I denoted by squares consequence of the Ohmic behavior of the resistances in all
in Fig. 5 can be regarded as the total saturation field resighree conductance channeRl{,, Ry, Rar) and is, there-
tanceRgy . The slow increase dRgy with N is again very  fore, inevitable in this regime. The saturation valueRgp
similar to the observed behavibtHowever, the calculated s determined by the magnetic contrast of an individual in-
values ofRgy are a factor of 3 smaller than the observedterface. This in turn depends on the difference between the
results. This is the main reason why the theoretical CPRtrengths of the scattering potentials for the majority- and
GMR ratio is also higher by approximately the same factorminority-spin electrons at a ferromagnet/spacer interface.
than the observe®cpp. One can think of two most likely Since nature provides us with a limited number of
explanations for this discrepancy. The first one is that there iferromagnet/nonmagnet combinations, and Co/Cu or Fe/Cr
some additional weak spin-independent scattering in the exare probably the best combinations, this places an upper
perimental samples that is not included in the present calcusound on what can be achieved with conventional periodic
lation. The background resistance due to such scatteringuperlattices in the ballistic and Ohmic regimes.
masks the intrinsic scattering from Co/Cu interfaces in the Since the CPP GMR rati(3) expressed in terms of the
up-spin channel and determines the obsemRggd. Alterna-  resistances in the FM and AF configurations has the form
tively, the matching of the Co and Cu bands in the up-spin
channel may not be so perfect when one allows for relaxation Rar— Rem
effects due to a small Co/Cu lattice mismatch. On the other RCPP:R—FM ®)
hand, the resistances in the down-spin channel and in the AF
configuration are clearly totally dominated by the intrinsicit is clear that the only way to enhance the CPP GMR ratio
spin-dependent scattering from Co/Cu interfaces and anpeyond its saturation value is to fabricate a magnetic
background scatterindif presen} is unimportant. Exactly multilayer that operates in a regime in which the dependence
the same arguments apply to the Fe/Cr superlattice with thef the resistance on the number of bilayBré nonlinear. To
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achieve this goal, | proposkthat one should grow superlat- 1000
tices with deliberately induced large fluctuations in layer E
thickness. Since CPP transport in a multilayer takes place in

independenﬂZH channels, the whole multilayer can be re-
garded as a system of one-dimensional wires connected in
parallel. Large fluctuations in layer thickness meahat
electrons in every channel move in a one-dimensional
strongly disordered potential. It follows that Anderson

localizatiorf® must set in in every; channel provided the
number of bilayerd is large enough. Since the resistance in
each channel increases in the localization regime exponen-
tially with the number of bilayerdN, the condition that the i o
resistancesRpy and R,e in the FM and AF configuration
should be nonlineralzlg functions &f can be satisfied. ,La b

It is well knowrf® that the localization length decreases 000  10.00 _ 20.00 = 30.00  40.00 _50.00
with increasing degree of disorder. The crucial point for NUMBER OF BILAYERS N
magnetic multilayers fsthat the degrees of disorder seen by FIG. 7. CPP GMR ratios of Co4Cus g (Squares and
electrons in the FM and AF Conﬁguration and, hence, th¢92710Cr4710 (cirdeg pseudorandom Spin valves p|0tted on a |oga_
corresponding localization lengths are very different. More-rithmic scale against the number of bilayéts
over, since a strong enough applied magnetic field can effect
transition from the AF to the FM configuration, the degree ofits were imposed so that the interlayer exchange coupling
disorder can be controlled by the applied field. In fact, weremains antiferromagnetic. For the same reason, the thick-
have shown in Sec. Il that matching of the Co up-spin bandesses of Cr layers were made to fluctuate between 4 and 10
to the Cu bands is almost perfect. It follows that, regardles@tomic planes. There is no real restriction on the range of
of the size of fluctuations in layer thickness, up-spin elecfluctuations in thickness of the ferromagnetic layers. How-
trons in the FM configuration are only weakly scattered. Oneever, for computational reasor(gonvergence of the BZ
can, therefore, expect that localization either does not occufum, the total thickness of the valve cannot exceeti50
in this channel at all or is extremely we#ll the localiza- Nnm. | have, therefore, restricted rather arbitrarily the mean
tion lengths for up-spin electrons are lon@n the other thickness of Co layers to 4 atomic plane$/ {;,=2,
hand, electrons in the down-spin channel in the FM configuMmax=6) and the mean thickness of Fe layers to 6 atomic
ration and electrons of either spin orientation in the AF conlanes M nin=2, M,=10).
figuration experience highly disordered potentials and should As expected, the CPP GMR increases approximately ex-
undergo strong localizatiofiocalization lengths in all these ponentially with the number of bilayets both for the Co/Cu
channels should be shprt and Fe/Cr pseudorandom valves. The maximiRgpp

Exactly the same arguments apply to Fe/Cr pseudorarachieved for the Fe/Cr valve witN=>50 is approximately
dom spin valves with the only modification that the roles of 3 10* %, which is about two hundred times greater than the
the up- and down-spin channels in the FM configuration argnaximumRcpp Observed in the Ohmic reginfeThis is, of
interchanged. In either case, the channel with a weak locakourse, not the upper theoretical limit but merely a limit
ization in the FM configuration shorts the channel with aimposed by the computer time available. The theoretical CPP
strong localization and, thereforBg,, should increase only GMR increases with increasing number of bilayers without
slowly with the number of bilayertN. On the other hand, any saturation as long as the valve remains in the localization
Rar should increase exponentially with a large exponent andiegime.
therefore, the CPP GMR ratio defined by E§). should also To understand the precise reason for such a large en-
grow exponentially withN. hancement of the CPP GMR, one needs to examine the in-

These general arguments were already presented in Refdividual resistances in the FM and AF configurations. The
and illustrated by model calculations for a single-orbitalresistanceRly,, Rfy, and Ri¢ for the Co/Cu valve are
tight-binding band. However, the pertinent question isplotted in Fig. 8 on a logarithmic scale agaiist The cor-
whether the localization lengths in the AF channel are shortesponding results for the Fe/Cr valve are shown in Fig. 9.
enough in real systems so that localization can influence th€onsider first the Co/Cu valve. The resistance in the AF
CPP GMR. This question can only be answered by an exaaonfiguration (circles in Fig. 8 and the resistance in the
evaluation of the Kubo formula for specific Co/Cu and Fe/Crdown-spin channel in the FM configuratigtriangles in-
pseudorandom spin valves. The formalism developed ircrease approximately exponentially withdue to Anderson
Secs. Il and lll remains valid in the Anderson localizationlocalization. Their values foN=50 are, therefore, a factor
regime and can be readily applied to Co/Cu and Fe/Cr psewf twenty larger than for a superlattice in the Ohmic regime
dorandom spin valves. | have made such calculations fofFigs. 5 and & On the other hand, the resistance in the
Co,_¢Cus_g and Fe_14Cr,_0 valves and their CPP GMR up-spin channel in the FM configuratiéequaresremains as
ratios are plotted on a logarithmic scale against the numbdpw as in the Ohmic regime. The reason for this behavior is
of bilayersN in Fig. 7 (squares for Co/Cu and circles for that localization does not set in for such smillin this
Fe/Cp. The thicknesses of Cu layers in the Co/Cu valve werechannel because disorder is almost negligibly weak due to
made to fluctuate between 5 and 8 atomic planes. These linexcellent matching of the up-spin bands in Co to the Cu
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an ab initio band structure of the constituent metals thus
confirms the very large enhancement of the CPP GMR pre-
dicted in Ref. 1. The enhancement is due to multiple scatter-
ing of electrons in the AF configuration from a highly disor-
dered sequence of ferromagnet/spacer interfaces. Such
scattering gives rise to electron localization with short local-
ization lengths of the order of twenty bilayet30—40 nm).

As in Sec. lll, a comment on the nature of randomness in
pseudorandom spin valves is required. The situation for a
pseudorandom spin valve is qualitatively different from that
for a superlattice with small spontaneous fluctuations in layer
thickness. Once a pseudorandom spin valve is prepared with
layer thicknesses following a predetermined pseudorandom
number sequence, the position of each interface in it is
known precisely. Any particular multilayer for which a cal-
culation of the GMR is made can, therefore, be reproduced

experimentally by growing the layers with the same known
FIG. 8. Resistances in the ferromagnefiéM) and antiferro- pseudorandom sequence, and viqe versa. In other vyprds, the
magnetioqlAF) configurations of a Cg_gCus_g pseudorandom spin relevant quantity to be ca_llculat_ed is the sgmple spepmc GMR
valve plotted on a logarithmic scale against the number of bilayerénd'_ therefore, any configuration averaging over disorder of
N. Circles denote the resistanBy ; squares the resistang,, ~ the interfaces would be completely inappropriate.
and triangles the resistané,, .

bands. It follows that the very large enhancement of the CPP V. CONCLUSIONS
GMR for the Co/Cu pseudorandom spin valve is due, en-
tirely, to the Anderson localization of electrons in the AF

configuration.

The conventional explanation of the GMR effect is based
on spin-dependent scattering of electrons from magnetic im-

The magnetic contrast of the Fe/Cr pseudorandom valv urities located at ferromagnet/spacer interfageterfacial

is even more enhanced by the Anderson localization. Th?pln—dependent scatteringrhe resulting transport problem

ist foN=50 in the AF i " din the solved either within the classical Boltzmann formaftdm
resistances Tolv=5% in the contiguration and n e, \inin g linear response theory with a simplified band
up-spin channel in the FM configuration are two orders of.

: . ) > “structure(parabolic bands?? Realistic modelling of interfa-
magnitude greater than the corresponding resistances in tr& (P ds’ g

Ohmic regime(Fig. 6, whereas the resistance in the down- fal roughness combined with a rigorous quantum evaluation

spin channel in the FM configuration is virtually unaffected of the Cplil GMR from thg Kubo fprmgla was .made by
by disorder. The reason is, of course, a very good matchinAsanoet al. “but only for asmgle-orbzlgal t'ght_bmdzl?g band
of Fe and C'r bands in the 'down—spin'channel gtructurse. More recently, Butlest al.,_ Za_hn et al=", an_d _

An exact numerical evaluation of the Kub6 formula. for Nesbet® solved the Boltzmann equation with a fully realistic
Co/CL(001) and Fe/C{001) pseudorandom spin valves using b_and structure. Howeyer, a common_feature of all these theo-

ries, with the exception of Ref. 11, is that the GMR effect
disappears when the spin-dependent impurity scattering is
an¥] switched off. Since interfacial impurity scattering is linked
directly to interfacial roughness, the implication of all the
1000 a o® above theories is that the GMR effect vaniskiesis negli-
: . veo® gibly smalf®) for perfectly flat interfaces.
L ee?® This conventional point of view was challenged by Schep
et al® They considered the simplest case of GMR without
impurity scattering, i.e., an infinite perfectly periodic super-
lattice. Using arab initio band structure, they obtained CPP
GMR ratios in excess of 100 %. These very high values of
CPP GMR are due entirely to quantum scattering from per-
fectly flat interfaces.

In this paper, | have included an additional important in-
gredient, i.e., fluctuations in layer thickness, and investigated
comprehensively the CPP GMR due to scattering from oth-
erwise perfectly flat interface$sMR without impurity scat-
tering for Co/CU001) and Fe/C{00]) finite superlattices
sandwiched between two semi-infinite contacts. Usinglan

FIG. 9. Resistances in the ferromagnetiéM) and antiferro-  initio band structure for all the constituent metals and solving
magnetic (AF) configurations of a Fg ;,Cr,_,, pseudorandom the quantum transport problem exadthyimerical evaluation
spin valve plotted on a logarithmic scale against the number obf the Kubo formulg, | find that CPP GMR without impurity
bilayers N. Circles denote the resistan& ; squares the resis- scattering is far from negligible and can easily explain the
tanceR[,,; and triangles the resistan&,, . whole observed effect. Moreover, depending on the size of
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fluctuations in layer thickness, CPP GMR without impurity the fact that it is required to account quantitatively for the
scattering occurs in three distinct regimes: ballistic, Ohmicobserved CPP GMR effect must be significant.
and Anderson localizatiofpseudorandom spin valye The only discrepancy between the calculated and ob-
When there are no fluctuations in layer thickness, CPRerved results in the Ohmic regime is that the calculated
transport is in the ballistic regime. The ballistic CPP GMR saturation-field(FM) resistance is a factor of three smaller
ratio Repp Of a finite superlattice saturates rapidly as a func-than the observed value. One possible explanation is that
tion of the number of bilayer@nly ~ 5 bilayers are needgd there is some additional scattering mechanism, other than
and reaches a value equalRgppfor an infinite superlattice. SPin-dependent scattering from interfaces, which is not in-
The saturation values dcpp Obtained from the Kubo for- cluded in the present calculation. However, a more likely

mula are of the order of 100 % both for Co/Cu and Fe/creXplanation is that the matching between the Co majority and

superlattices, which is in a very good agreement with theCu bands(Fe minority and Cr bandswhich determines the

results obtained earlier by Schepal3® for infinite Co/Cu saturation field resistance, may not be so perfect wh_en Ia_ttlce

. relaxation effects are included. In fact, the saturation-field
and Fe/Cr superlattices. However, the fact that the absolutg - : )
value of the resistance of a superlattice in the ballistic regim [esistance calculated with bulk Co and Cu parameters is al-
. - Sup : 9IMErost certainly underestimated. The matching in the up-spin
is far too low compared with the experimérind also that

v clearly indi hat ballisti channel for bulk Co and Cu bands is so perfect that any
Repp saturates so rapidly ciearly in icates that ballistic ef-pqification of the band structure due to lattice relaxation is
fects are not seen in present experiments.

! i ! ~ bound to make the matching poorer, and hence, increase the
When small fluctuations in layer thickness correspondingatyration-field resistance. This would, at the same time,
to only one atomic plane at the interface being displaced argring down somewhat the calculated CPP GMR and, hence,
intrOduced, transport Changes from ballistic to Ohmic. ThQ'nake the agreement between the theory and experiment bet-
calculated GMR ratidRcpp increases initially linearly with ter,
the number of bilayert\ and then saturates fdi~40-50. When large fluctuations in layer thickness are introduced
Such a behavior is a signature of the Ohmic regime and wadeliberately, the Ohmic regime changes into, experimentally
observed for Co/Ag and Co/Cu by Schroedsral* The  as yet unexplored, Anderson localization regime in which the
maximum calculated saturation valuesR¥pp are in the re- proposed pseudorandom spin valveperate. If high-quality
gion 800-1000 %. However, much more significantly, theCo/Cu and Fe/Cr pseudorandom spin valves could be fabri-
absolute values of the zero-fieldF) and saturation-field cated, the results of Sec. IV show that they would have CPP
(FM) resistances calculated without any adjustable paramGMR ratios at least a factor hundred higher than the highest
eters increase linearly with (good Ohm's law, which is as ~ currently attainable values.
observed, and the zero-fieldAF) resistance of the Co/Cu  Successful operation of Co/Cu and Fe/Cr pseudorandom
superlattice of the same thickness and composition as thgPin valves depends on two conditior(s} the saturation-
Co/Cy111) sample investigated in Ref. 4 has a value offield (FM) resistance of a pseudorandom spin valve must not

165x 105 O m2. which is within 10 % of the observed P€ much higher than the calculated resistaricgthe zero-
resistance. ' field (AF) resistance must be sufficiently enhanced by

These results indicate very strongly that it is scattering*nderson localization. , ,
from fluctuations in layer thickness rather than the conven- 1Ne first condition is easy to satisfy. The FM resistance
tional interfacial scattering that determines the CPP GMRRrm Of present Co/Cu superlattices is only a factor 3 higher
observed in present experiments. Further support for thif1an the calculate®ey . The results of Secs. lll and IV
mechanism comes from an analysis of x-ray scatteringzﬂataShOW that disordering the_sequence of interfaces has virtually
which shows that fluctuations in layer thickness of the ordef© €ffect onRey. There is, therefore, no reason to expect
of one atomic plane are always present in experimentdin@tRey of a carefully prepared Co/Cu pseudorandom spin
samples. One can go even further and argue that, withollve should be any higher thay, in the present Ohmic
fluctuations in layer thickness, the observed CPP GMR cant€g!/me. _ _ . .
not be explained at all. This is because fluctuations in layer FOr a pseudorandom spin valve with all dimensions
thicknessincreasethe CPP GMR ratio whereas interfacial Smaller than the mean free path, the calculations of Sec. IV
roughnessdecreasest. The latter result was proved quite @ré exact for real Co/Cu and Fe/Cr systems and the second
rigorously by Asancet al* for a single-orbital tight-binding condition is, therefore, also satisfied. It follows frpm Fig. 7
band. They showed that CPP GMR ratio has its maximunihat CPP GMR of about 5000 % should be achieved for a
value for perfectly flat interfaces and is alwagslucedrom  Valve of about 50 nm thick. The thickness of the valve is,
the maximum value when ferromagnet and spacer atoms afgerefore, not a serious problem since 50 nm is comparable
intermixed at the interface. Given that interfacial roughnesd0 the mean free path. One should clearly try to keep all the
is detrimental for CPP GMR andb initio calculations for layers as thin as possible while maintaining large fluctuations
periodic Co/Cu superlattices with perfectly flat interfacesin their thickness in order to squeeze as many bilayers as
give an upper limit on CPP GMR of about 120—150 9%, Possible into a total thickness comparable to the mean free
which is smaller than the maximum obser{effect of about ~ Path. The only question that remains unresolved is whether
170 %, it is clear that, without fluctuations in layer thickness,the transverse dimensions of the valve must also be small,
the magnitude of the observed CPP GMR cannot be ex.€- c_omparablg to Fhe mean free path. One can argue that
plained. One may, therefore, conclude that fluctuations ifMPurity scattering in a macroscopic valve would lead to
layer thickness is an important source of CPP GMR that hagixing of k; channels which might eventually destroy one-
not been considered in previous theoretical treatments andimensional localization. However, what the upper bound is
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on the valve diameter, if any, is difficult to estimate theoreti-valves should certainly be observable in Co/Cu and Fe/Cr
cally. valves with all dimensions smaller than the mean free path at

Finally, all the calculations presented here are at zero temew temperatures. It is, however, quite likely that a substan-
perature. Inelastic scattering at finite temperatures might alsgal enhancement persists in valves with more macroscopic

spoil the localization in the AF configuration and thus reduceransverse dimensions and also at finite temperatures.
the calculated GMR ratios. However, the recent results of

Pascualet al?® for very thin gold wires are encouraging in
this respect since they observed Anderson localization in dis-
ordered one-dimensional gold wires even at room tempera-
ture. One can, therefore, conclude that the predicted very | am grateful to D. Mathon and M.A. Villeret for helpful
large enhancement of the CPP GMR in pseudorandom spidiscussions and NATO for financial support.
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