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Oscillatory exchange coupling across Ci,Ni, spacers: A first-principles calculation
of the amplitudes and phases using asymptotic analysis
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We apply a recently developed first-principles asymptotic approach to the problem of the oscillatory ex-
change couplingOECQ) in the Co/Cy, _)Ni, /Co trilayer system for al(100), (110), and(111) directions of
growth. We compare results of the asymptotic analysis with full calculations. Our results are consistent with
the available experimental data and give strong evidence for the existence of the exponential decay in the
asymptotic form of the OEC fox>0.04. Moreover, we discover a caliper vector of the alloy Fermi surface
QE%@ which did not exist in the case of pure Cu, but contributes to the OEC significantk=for11.

[. INTRODUCTION case of random binary alloys, in the limit of small disorder,
they are Lorentzian with finite height and width. The Fermi
One of the most fascinating aspects of the oscillatory exsurface is defined for the system if the width of the peaks is
change couplingOEC) of two Ferromagnetic layers across a small compared to the size of geometrical features, such as
nonmagnetic metallic spacer layetis the connection of the necks or pockets, of the Fermi surface. Compared to pure
coupling characteristics, i.e., periods, amplitudes, andnetal case, the difference is the width of the peaks, which is
phases, to the Fermi surface of the bulk spacer mafEfial. also a function of the Bloch wave vector, and is related to the
While the related effect of giant magnetoresist&n@MR)  coherence length of the quasiparticle states. Interestingly, the
has already found its way to the production line, there is stilicharacteristic length of the extra exponential factor in the
significant scientific interest in the OERefs. 7-13 and  energy of the OEC across alloy spacers as a function of
that interest is focused on the connection of the effect to théhickness is also related to the widths of the BSF at the end
Fermi surface properties. Namely, it appears to be the cageoints of the extremal vectofé
that the OEC may be regarded as a major probe of the Fermi For metallic materials with finite quasiparticles coherence
surfaces of materials such as the random binary afloys.  lengths, such as the random binary alloys, the well estab-
More specifically, from the theoretical point of view, it lished, powerful and frequently exploited technique of the
has been proven that the coupling energy of two ferromagbDe Haas—van Alphen oscillatiolfs® (dHvA) is not appli-
netic layers separated by a paramagnetic one can be deconable since the electrons cannot complete closed patks in
posed into terms which oscillate as functions of spacespace without being scattered. Thus, the OEC phenomenon
thicknesst The wave number of each oscillation has beenwhich is clearly observable and is closely related to the
shown to be equal to the size of an external spanning vect@pacer Fermi surface, could become a useful probe of the
of the bulk spacer Fermi surface. The oscillation amplitudes-ermi surfac® competing with the only alternative experi-
also depend on the curvature of the Fermi surface at thenental technique of two-dimension&D) angular correla-
endpoints of these vectors. Finally, in the case of randontion of positron annihilation radiatiofACAR).™° Although it
binary alloy spacers an extra exponential damping term isippears to be very difficult to reconstruct fully a complex
present with a characteristic length which is related to thé~ermi surface, such as that of a transition metal, from OEC
coherence lengths of the quasiparticle states at the endpoirmseasurements, they readily yield useful quantitative infor-
of the external vectof114 mation on the size of necks or pockets of the Fermi surface.
Despite being disordered, the random binary alloys stil[Evidently, to get the most out of the OEC experiments, the-
have a periodic underlying lattice over which the two oretical calculations of the OEC are required for interpreta-
metallic-element atoms are randomly distributed and thus thgon. Clearly, these are most fruitful if, as in Ref. 10, the
k-space representation as well as the concept of Fermi suiiteraction energy is decomposed into contributions from
face are still usefut® A discussion of these ideas in terms of specific extremal vectors of the Fermi surface of the spacer.
the Bloch spectral functioBSH can be found in Refs. 8, 15 In what follows, we deploy this very effective approach to
and 16 and will be briefly summarized here. By definition,the problem of an alloy spacer.
the BSF is the number of states per energy and Bloch wave Experimental studies on the OEC across alloy spacers
vectork. For constant energy and equal to the Fermi energyhave been performed for Co/Gu,)Ni,/Co (Refs. 20-24
it has peaks irk-space directions and these peaks mark thdor the (111) and the(110) growth orientations. Large period
position of the Fermi surface. The fundamental differenceoscillations, of the order of 10 A, were found for both these
between pure metals and random binary alloys is that thesarientations for all concentrations of Nk€0.5). These os-
peaks are’ functions in the case of pure metals while in the cillations are believed to be generated by extremal vectors in
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the area of the neék’ 2 of the Cu-like Fermi surface of layer. In Ref. 10 we followed ideas presented in Refs. 29 and
these alloys. In the case 6110 orientation, the spanning 30, but we employed the screened KKR formafifmand a
vector is the diameter of the circular cross section of the neclayer by layer representation, and we wrote the interaction
of the Cu-like Fermi surface, while in the case(@fil) ori-  part of the grand potential in the form

entation the oscillation is believédo originate from the
spanning vector at an angle of 19.47°. Thus, the sizes of the
two periods are close to each other. However, the oscillation
period for the(111) growth orientation is slightly smaller.

There is remarkable agreem4ent between the periods of thghere T(k, ;E)EIm{Tr{AL[TCC]l,NAR[TCC]N,l}} with AL
OEC across these allcﬁ?§ and the Korringa-Kohn- -1 % I

. LY =A (1—7ccA , AR=Ag(l—r7ccA . Finally, A
Rostoke_r(l(gléR) coherence potential approximati¢GPA) IGLC(LTLLGCLCC L)AR: G(?RTR:G(RC- T tﬁ)e above fgrmui_as
calculations”® of the Fermi surface of these alloys. In addi- f(E) is the Fermi-Dirac distribution functior§ is the area

tion to the periods, .the_ experimentally observed lack of er surface atom, and tle integration is taken over the first
damping in these oscillations has been successfully related O rface Brillouin zone. The. C. andR indices refer to the

the calculated small widths of the Lorentzian-like Bloch-three lavers of the structure. The quantities = M -1
spectral function§BSF’s) at the end points of the extremal 1 y 1 ueture. quantiies =M. 7cc
vectors for all these alloy spacer& However, the phases —Mcc: Trr~Mgg are the inverse KKR matrices, witic

and the amplitudes will be treated here on the basis of thB€iNg finite in the perpendicular direction, while the other
first-principles calculations. Of course, we can approach th&V0 Pbeing semi-infinite. FinallyN is the number of mono-
problem from the point of view of total energy calculations, @Y€rs in the spacer and the quantit@s, , G.c, Ger, and

but they do not connect amplitudes and phases informatioffrc @€ the screened structure constant matrices. The disor-
directly to spanning vectors of the Fermi surfaces and hencd®r is introduced in the spacer slab through an effective one-
from the point of view of our present concerns, they are nof!te Scattering matrix

as useful as the asymptotic approach. Such total energy cal- Mee=[t]1-G @)
culations have been performed for the CqiCyyM,/Co ccr ce

(100 system, withM =Ni, Zn, Au using the tight-binding  with t* being the effectivé-matrix calculated with the CPA.
(TB)—Imeanzed-mufﬂn-t|n-orb|ta(LMTQ) electronllc str_uc- Clearly, due to screeningd, and A are properties of the
ture method and the coherence potential approximatio. interfaces only

These calculations serve as a reference to compare our re- In the light of arguments advanced in Ref. [5@e discus-

SU||trS] gvr:tohr't aE?]dtr\]’ée ﬁ!éﬁmé?kthﬁ;n I?ég;r': ttaésf;’rv;r;' Iicasion of Eq.(11) in Ref. 10 whatever is the method of cal-
tion of our,theoretiF::aI approacﬁ intrgduced in Ref 10ptg theculatiqn of T, and the techniqu.e for carrying _the energy in-
case of Cy ) Ni, alloy spacers. More specifically,.we com- teﬁ.raﬂ ]Ln I:Tq'(l)’ we areihl_efli Wg an ixpressmn. fthéRb
pare the results obtained with the use of the asymptotigv Ich forfarge spacer thickness can be approximated by
analysis to those obtained with full calculation of the OEC

energy as well as the experiment. In addition we illustrate AQLRzlm[f d2k|,F(k”)}

how structural changes of the Fermi surface, also referred as (SB2

electronic topological transitioh$(ETT’s) could be probed 1

using the OEC. Finally, we present conclusive evidence for :|m| J d%k, >, g,,V,(k”)eiQw'D]__ (3
the effect of the exponential decay of the oscillations for (s82 vy’ D

substitutionaly disordered spacers. In Sec. Il we present - . .
briefly the formalism on which we based our calculations. h other words itis assumed that the integréifid,) consists

The results of such calculations are discussed in Sec. Ill. ©f Simple exeonentlal cont'rlbuuons. The sum is over pairs of
branches, v’ of the Fermi surface of the spacer. The expo-

nents are assumed to be linear in the spacer thickbeswd
Il. THE ASYMPTOTIC APPROACH that is referred as the linear phase approximation in Ref. 10.
It is exact in the asymptotic limitD—~. In the same
In this section we present the main points of the theoretasymptotic limitg,,(k,) is independent ob. This can be
ical approach we used in our calculations. The details of thigasily seen from the asymptotic form of the energy intégral
approach have already been published elseih&tand is  in Eq. (1). The quantitiesQ,,. are complex in the case of
based on the screened Korringa-Kohn-RostSkand the alloy spacer) ,:Q(R),+iQ('),. In the limit of small dis-

KKR-CPA (Ref. 19 electr_onlc structure _mgthods._ order, which is the case of interest in this paper, their real
The problem at hand is the magnetic interaction of two (R) : , .
ferromagnetic layers which will be considered to be semiPartQ,, is the spanning vector of the Fermi surface parallel

infinite in our treatment, separated by a nonmagnetic but stiff© the growth direction that connects theand »" sheets of
metallic spacer layer. The spacer layer is substitutionaly disth® Fermi surface. That spanning vector is of course a func-
ordered, i.e., a random, binary alloy. A uniform lattice is tion of k,. The imaginary parQ'), is the sum of the half-
assumed for the entire system, namely we do not considevidths of the Lorentzian-like BSF at the end points of the
any lattice mismatch in the interfaces. Furthermore, thesspanning vector, as it is shown in Ref. 10.

interfaces are regarded perfect, i.e., no surface roughness is The particular form of the E(3) makes it possible to use
present. From now on we will use the lettérandR for the ~ asymptotic analysis in the evaluation of the integrals for
left and right ferromagnetic layers a@ifor the finite spacer large spacer thickness&sln the limit of small disorder the

1 )
AQLRZELWdEf(E) j Bz)dzkuT(kn;E), ()

(2m?* Js
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FIG. 1. The extremal vectors
of Cu Fermi surface on three in-
tersections plotted in the repeated
zone scheme: an intersection per-
pendicular to thé1—10] direction
at a distance\k=0 to thel” point
(a), perpendicular to the001],
Ak=0 (b), and perpendicular to
the[111], Ak=v3/2 (c). The evo-
lution of the Fermi surface with
Ni concentration is illustrated in
(). The Qf3), extremal vector
which emerges as we increase Ni
concentration is also shown {d).

[-110]

asymptotic analysis method will involve the stationary pointspoint kﬁ"). We notice thatA(), r depends oD asD 2 in
of the real part 0Q,,(k;). Indeed, a first approximation is iye most common case in which both the eigenvaltﬁ%@,
to assume thaQ(V'V),(kH) is constant in the region that the anqg £ are nonzero, a® 32 if only one eigenvalue is
QW is stationary, sinceQ!), is very small compared to nonzero, and aB~* if both £ and ¢4 are zero. The last
Q(VF?, and on the other hand it is a smooth functionkgf ~ two cases correspond to the partial and the complete nesting
Under these circumstances the case is similar to that of pur@f the Fermi surface, according to the classification of Ref.
metal spacers and the final result is 32. Finally, we would like to note that the real part of the
Q™ i.e., the wave vector of each of the oscillations, is the
size of the extremal spanning vector of the real Fermi sur-
face. Interestingly, the small imaginary part@f“), i.e., the
, inverse characteristic length of the exponential decay, is the
with sum of the half-widths of the Lorentzian-like peaks at the
end points of that extremal vector. The inverse of each of
A,(D)=2mg,L(& D){(£4),D) 5 thesep half-widths is the coherence length of the quasiparticle
and states at that point of the Fermi surface, as it is well ex-
plained in Refs. 7 and 8.
1 el(m e We will finish this brief review of the formal results that
{(£.D)= \/—5 W for ¢+0, ©) we shall make'use of, by giving a feyv Qetails concerning the
' actual calculation. The scalar relativistic KKR was used and
const for £=0. the quantity we calculated is the energy difference

AQLR(D):%E Im{A, €%}, @
o

In the above expressions the indaxcounts the extremal
vectors of the Fermi surface for the particular orientation,

ie., thesek{*) points at which Q! (k) is extremal whereAQ Y is the OEC energy, given by E@), for the

for any pair of indicesy, v’ and Q®=Q,, (k{*)), 9,  ferromagnetiodFM) orientation of the magnetic moments of
=g, (k{"). Moreover, £/, & are the eigenvalues of L andR layers andAQ"F is the OEC energy for the antifer-
the second derivative matrix dD(VFj),(ku) at the extremal romagnetic(AF). The principal layers formulation was em-

60 rR=AON—AQN,, 7)
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FIG. 2. The calculated energy differengeer surface atojnbetween the FM and AF configurations for the Cq/CyNi,/Co in the
(100 orientation for the indicated Ni concentrations as a function of spacer thickneBse full integration energy is plotted together with
the asymptotic result which is dominated by the contribution froerﬁ%@ extremal vector. In the insets on the right of each plot we show
80 and 80, i.e., the contributions fron®{}}, andQ{3), extremal vectors. In the insets on the left we have included the exponential
decay factor as a function of spacer thickness.

ployed, thus within the screened KKR method the range ofvailable from calculation with the layered KKR code. Thus,
structure constant was restricted to the next nearest principalve used the integrand functidnin Eq. (3), calculated at the
layer only. A principal layer was assumed to consist of thredoci of the extremal vectors, as we explain in Ref. 10. Fi-
atomic layers. The calculation df, ,A requires the calcu- nally, as we have already mentioned, the integrations Bver
lation of 7| and7rg Which in the case of screened KKR can has been carried out numerically using the Matsubara poles
be done for the required semi-infinite geometry by usingtechnique for finite temperature=300K and in our case
iterative technique® By contrast, the calculation af.c for ~ 5-10 poles were found to be enough to achieve convergence.
the spacer slab is a straightforward inversiorvbfc, since  The ASA approximation was used in the KKR method and
the matrix has finite dimension. To facilitate the calculationthe maximum angular momentum quantum numbgg was

we used an analog of the E@) involving quantities directly  takenl,,,=2. As we will see in the next section, this is a
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FIG. 3. The calculated energy differengeer surface atojnbetween the FM and AF configurations for the Cq/CyNi,/Co in the
(110 orientation for the indicated concentrations as a function of spacer thickneRse full integration is compared with the asymptotic
)

result dominated by the contribution from t@l)m extremal vector. The contribution from tI@HO) extremal vector §0(?)) is plotted in

the insets on the top right, while the exponential decay factors for the two contributions are plotted in the insets on the bottom right.

limitation of the current state of the code we use. Howevershould be viewed in conjunction with these of Ref. 10 for
the consequences of this do not affect the conclusions of theure Cu. Nevertheless, some of these results are also shown
present work. Finally, the lattice parameter for the alloys wasere for completeness. It is well known that the Fermi sur-

assumed to scale linearly with concentratidfegard’s law.  face of the bulk Cy _,Ni, does not undergo dramatic struc-
tural changes with increasing (for x<0.42). Hence it is

. RESULTS rather similar to that of pure Cu. Consequently, the extremal
vectors for the alloy Fermi surfaces originate from the
In our calculations we considered Coj¢u,Ni,/Co  equivalent points of the pure Cu Fermi surface and change
spacers with concentrations=0.04, 0.11, 0.23, 0.31, and only in size. Thus we find it useful to include Fig. 1 showing
0.42. We calculated the OEC for all th&00), (110, and all the Cu-Fermi-surface extremal vectors for reference. Ad-
(111) orientations. The integration ovds; was carried out ditionally we have depicted the evolution of the Fermi sur-
both by full numerical integration and by using the saddle-face with alloying in Fig. 1d). Interestingly, the above re-
point asymptotic method described in Sec. Il. Our resultanarks not withstanding, there is an extremal vector for the
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(a) (b)
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i ===~ Ccu, Ni
——- Cu, Ni

0.69" "70.31

[-110]

—-— Cu,Nij

0.58" 7042

[001]

[110] [110]

FIG. 4. TheQﬁ)m extremal vector on two perpendicular intersections of the Fermi surfacgerpendicular to thé—110] and (b)
perpendicular to thg001] both through thd” point. In (a) the Fermi surface around the extremal vector is flat for pure Cu and is curved as
Ni concentration increases. [b) the Fermi surface flattens as Ni is added and it becomes absolutely flat at some concentration close to
x=0.31.

(100 orientation, namely th@{3),), which is not present for ~ concentration difference, there is a very good quantitative
pure Cu or small Ni concentrations. This is included in Fig.agreement in all the coupling characteristics.

1(d) and will be the subject of comments later in this paper. As in the case of pure Cu spacérthe small-period os-

In interest of clarity the following subsections record our cillation of approximately 2 ML, corresponding t@gi))o), is

findings for the three growth orientations separately. the dominant. It is pleasing to note that a dramatic phase
change with alloying is well reproduced by the asymptotic
A. The (100) orientation analysis. Although the amplitude gradually decreases with

o Ni concentration, the oscillatory behavior is preserved even

As shown in Fig. 1 there are three extremal vectors for they, 3104 Ni. For the largest Ni concentratién2%) there is
(100 orientation. TheQ{1), andQ{:), were also present in  no oscillatory behavior present in the full calculation result.
the case of pure Ctf,while the third on&)ﬁ%o) is aresult of Nevertheless, even for that concentration the order of mag-
the Fermi surface change with alloying, as shown in Fignitude of the OEC energy is still the same for the two calcu-
1(d). In Fig. 2 we show our results for the OEC energy for all lations. A word of caution is in order concerning the small
the concentrations we considered. As can be seen, there igdssorder assumption in the asymptotic analysis for the large
very good agreement between the full integration result anii concentrations. The ratio of amplitud@é%o)/A(%g)o) of
the asymptotic analysis. Our result is strong evidence for thehe oscillation terms corresponding @&)30) and QEl())O) de-
validity of the generalized asymptotic analysis approach inzreases significantly witk from ~65—70 for small concen-
troduced in Ref. 10. Particularly noteworthy is the fact thatyaions to~10-20 for large.

the exponential decay with the spacer thickness predicted by As we have already mentioned a new extremal vector,
the asymptotic analy_S|s is vgrlﬂed by the fl_JII calcula_tlons_.Qg())o) in Fig. 1(d), appears for relatively large concentrations
Indeed, the exponential term in the asymptotic result given in
the Eq.(4), is a consequence @™ having an imaginary
part in the case of disordered spacer. The strength of that
term is shown in the insets of Fig. 2. Apparently, the inclu-
sion of this factor is crucial in achieving the remarkable
agreement between the asymptotic analysis and the full inte-
gration results.

For the Co/Cy_,)Ni,/Co(100) system there are avail-
able total energy calculatiofs?® for x=0, 0.10 (Ref. 25
and 0.25%° as mentioned earlier. These calculations were
performed using the TB-LMTO electronic structure method
treating the alloy spacer in terms of the CPA. In Ref. 26, the
CPA is compared with the virtual crystal approximation, and 1st Peak 79 Bresent work
it is proven that for the Co/Gy_,)Ni,/Co(100) system the AJohnson et dl.
more accurate treatment in terms of the CPA is required. It is 0.0 s : s :
pleasing to note that our calculations agree remarkably well 0.0 0.1 02 03 0.4 0.5
with the results of Refs. 25 and 26 concerning both the am- Ni Concentration
plitudes and the periods and phases of the oscillations for gig. 5. Comparison of the calculated position of the AF peaks
both pure Cu and fox>0. Although the concentrations con- for the (110 orientation with the experiments of Okuno and In-
sidered in Refs. 25 and 26, i.x=0.1 and 0.25 were not omata(Refs. 23 and 24and Johnsoret al. (Ref. 38. The experi-
considered in our study, one could compare these resuligental error bars in the experimental results are deduced from the
with our results forx=0.11 andx=0.23. Given the small pictures of GMR versus spacer thickness of Refs. 23 and 24.

50.0

AF peak position A
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FIG. 6. The calculated energy differengeer surface atoinbetween the FM and AF configurations for the Cq/CyNi,/Co in the
(111 orientation for the indicated concentrations as a function of spacer thicknessnparison of the full integration with the asymptotic
analysis result. The exponential decay factor is shown in the insets.

of Ni. It is the result of the progressive increase withf the  of magnitude, it is larger than that correspondin@ﬁgo)
holelike “dog bone” of the Fermi surface as can be seen infor large concentrations. This is shown in the insets of Fig. 2.
Fig. 1(d), and the relevant period increases rapidly with  Obviously, it would be interesting to detect the emergence of
The size of that period is 4.00, 7.30, 10.42, 18.2 ML for thethis topological feature, but, to our knowledge, there are no
Ni concentration=0.11, 0.23, 0.31, and 0.42, respectively. OEC experiments concerning tt&00 growth orientation
The emergence of this extremal vector can be considered &r the Co/Cy, ,)Ni,/Co system forx# 0. Moreover, we

a precursor of the ETT that occurs for larger Ni concentrafeckon that it is difficult for current OEC experiments to
tion than these considered in this work and which consists ofletect the emergence @3}, for two reasons: first the OEC
the complete vanishing of the neck. Unfortunately, we coulds dominated by the oscillation corresponding @ﬁ())oy

not deal with these interesting cases in the present work beqevertheless, the period of that oscillation is very small and,
cause, in such study, one should consider magnetism in th@ore often than not, these small period oscillations are sup-
spacer layer as well as in the magnetic layers. Although thgressed by interface roughnésdsSecondly, it is not easy to
contribution to the OEC corresponding (Dé%o) is small  distinguish experimentally between the contribution corre-

compared to that corresponding@j2),, by at least an order  sponding t0Q{3},) and Q{3),,. In any case, we highlighted
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this feature to call attention to the fact that such phenomena 50.0 ; ;
can occur and may play a more significant role in the case of 0-—-0 Parkin et al.
other transition metal alloy spacers. w0l |22 Bobo ez al.
B O—= Present work
og 2nd Peak
B. The (110 orientation § 30.0
As can be seen in Fig. 1 there are four different extremal é
vectors for the(110) orientation. For pure Ct only two of 3 200 1st Peak
them, namely, theQ{}}; and Q{3),), were found to have o e
significant contribution and they are the only ones we have < 100 4

considered for the Gu_,)Ni, spacers as well. In Fig. 3 we
again show the full numerical result together with the
asymptotic one for all the concentrations we examined. As in 0.0 : : : :
the pure Cu cas¥, the small-period oscillation correspond- 0.0 0.1 ,0'2 0',3 04 05

ing to the Q{}),) extremal vector in Fig. (&) is dominating Ni Concentration

the OEC. More specifically, the ratio of the amplitudes of the FIG. 7. Comparison of the calculated position of the AF peaks
two contributions is of the order of 5—10 for pure Cu andfor the (111) orientation with the experiments of Parké al. (Ref.
small Ni concentration, but it rapidly increases to the order22) and Boboet al. (Ref. 21.

of 100—-200 for large Ni concentration. The small period os- . . . .
cillation appears to be the strongest of all contributions forem Ni concentrationsx(<0.5). Since only one large period

all three orientations considered. We should mention hergscnlatlon appears in the experiment of Okuno and Inomata,

. . . We can compare our asymptotic-analysis AF peaks for the
that Q) is the vector spanning the belly of the Fermi sur- P ymp y P

- She g contribution corresponding to th@{7),, to those experimen-
face along the110 orientation and it is the same vector that | heaks. That comparison is shown in Fig. 5. Our calculated

drives the ordering process and the concentration waves IRgneak positions are in general close to the experimental
Cu-Pd alloys™ , ones. In addition, the general trend of the peaks moving to

The size of f[he _OEC energytl g correspc_)ndmg to the higher thicknesses for higher concentrations is reproduced by
dominant contribution changes much less let)h alloying thary; resyits, Nevertheless, it seems that the oscillation periods
that of the contribution corresponding to ) o). despite  are not in such a good agreement with the experimental ones
the fact that the exponential damping for the dominant oscilof Okuno and Inomata as the ones calculated using KKR-
!atlon is stronger, as shown (llr; the insets of Fig. 3. Interestcpa, With | =3, published in Ref. 7. That fact can be seen
ingly, the related amplitude11), does not change mono- in Fig. 5 where although the first peak is in good agreement
tonically, but has two maximum values at Ni concentrationswith the experiment the second and third are not, and they
x=0 andx=0.31. This effect has Fermi surface geometricalare moved to higher thicknesses compared with the experi-
origin and it is the result of the flattening of the Fermi sur- mental. Obviously, it is the case that small periods are pre-
face at the neighborhood of the endpointﬁéﬂo). That can  dicted more accurately from the Fermi surface analysis than
be seen in Fig. @) where the increase of Ni concentration the large ones, such as the one considered here, since they
results in Fermi surface flattening along fhe110] perpen-  correspond to large extremal vectors. What a bulk Fermi
dicular to the spanning vector orientation. Unfortunately, thatssurface calculation shows is that the present KKR scheme
flattening is compensated by the curving of the Fermi surfacavith |,,,,=2 underestimates slightly the size of the already
along thg/001] direction as seen in Fig.(d. In other words, very small neck of the Fermi surface for the whole range of
while one of the two eigenvalues of the second derivativeNi concentrations considered. That is reflected in the OEC
matrix of the extremal vectof gy is minimal atx=0, the  calculation by the small deviations of the position of the AF
other oneg;_1,¢ is minimal at some concentration close to peaks. This conclusion is also supported by the very good
0.31. Unfortunately, another contributing factor, namely theagreement of the calculated oscillation periods of Ref. 7
aliasing effect, affects dramatically the OEC and as a resulwvherel ,,=3 was used with the ones from the Okuno and
the strongest calculated oscillation appears xat0.11, Inomata experiments:?*
among the concentrations we considered, as seen in Fig. 3. The absence of the small period in experiments, although
Of course, in order to find the exact Ni concentration atis is found to dominate the OEC for both pure (Refs. 10
which the calculated OEC is maximum, the consideration ofand 33 and Cu-Ni alloy spacers, is believed to be a conse-
many different concentrations is required. quence of the surface roughnédshNevertheless, in other

Again for the (110 orientation, the asymptotic analysis cases, such as Co/Cu/CH00) (Ref. 36 or Fe/Cr/F&(100 37
reproduces the coupling behavior including the exponentiasmall periodicities in the OEC have been detected. It would
decay term for the whole range of concentrations, despite thiee interesting to see whether the effect of the nonmonotonic
fact that the Fermi surface is very flat in the neighborhood obehavior with x of the strength of the short period
Qgﬂo) extremal vector. Contrary to th€l00) orientation, Oscillation could be experimentally detected for the
there is oscillatory behavior of the coupling for largest Ni Co/Cl;-,)Ni,/Co(110).
concentration42% for the full integration result as well. ) )

For the(110) orientation there are experimental data from C. The (111 orientation
Okuno and Inomafd?*on the GMR ratio versus the spacer  Again, in Fig. 6, we show the results of both the full
thickness for the Co/Gy_ ,)Ni,/Co system for three differ- numerical and the asymptotic analysis for tid1) orienta-
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tion. Systematically, the full numerical result is a factor of 2 asymptotics and compared the results with the full calcula-
larger than the asymptotic result, as in the case of pur®Cu.tion. The good agreement between these two approaches
Nevertheless, the period, the amplitude and the phase are demonstrate the correctness and the power of the asymptotic
very good agreement with experiment for pure '€while  analysis in the context of a first-principles, screened, KKR-
the dependence of the period on the Ni concentration als€PA method for random alloys as well as for pure metal
follows closely the experimental dafeDur calculations, de- spacers. In particular, we have discovered the emergence of
spite the limitation [(,5,=2) considered above, succeeds toan additional extremal spanning vector of the Fermi surface
reproduce the position of the AF peaks for tf1e1) direc-  of Co/Cy; _Niy/Co for the(100) orientation[Q{3, in Fig.
tion as it is shown in Fig. 7, where we have plotted the first1(d)]. While this is an interesting change in the Fermi surface
and second calculated AF-peak positions as functions of Nive believe it is not clear if it could be observed by the
concentration as well as the experimental positibfsfor  currently employed experiments. Hopefully, in the case of
comparison. Both these experiments as well as the expergther transition metal alloys, similar Fermi surface changes
ments of Okuno and Inomé&te** mentioned above are mea- may play a more significant role in the OEC. Thus, we con-
surements of the GMR ratio as function of spacer thicknessslude by pointing out that measurements of the OEC is a
Thus we do not have the chance to compare the calculategbod way for searching for the elusive electronic topological
amplitudes with the experiment. Nevertheless, in the case afansitions® in addition to being a powerful general probe of
pure Cut® these amplitudes were found in very good agree+the alloy Fermi surfaces.
ment with experiment, given the fact that this kind of com-
parison is usually restricted to the order of magnitude.
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