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Abstract - We repon on tJwmtical calculations of 
interlayer exchange coupling between two Fe layers 
separated by a modifitd Cu splcat. Therre calculations wae 
motivated by experiments1 invastigations of similar 
S ~ C N M  by the SFU gmup. The multilayer BVUCIU~S of 
interest have the general farm: Fa/Cu(k)/Fe and 
FcKu(rn)/X(l)/Cu(n)/Fe whae X indicaw one AL (atomic 
layer) of foreign otwns X (0. Ag ar Fe) and k. rn, n 
repremnt the number of atomic layan of Cu. The purpose of 
the e x w u l  ud thoorethl work was 0 dclbrmlne the 
effect of modif'ying the pure Cu spam by replacing the 
central Cu atomic layer with ths atomic layer of  fatoifin 
atoms X. The firat principler calculation w m  pcrfonned 
using the Layer Korringa-KohkRastoker (LKKR) methad. 
The theorefical thicknem dependence of the exchange 
coupling bcrween two semi-infinis Fa laym wns cakulatcd 
for pure Cu spaccr thicknc8wa in the range of (klr46. The 
tffect of the fmlgn .bmr X on Iha axchange coupling was 
investigated using Ute structure with 9 AL Cu spacer as a 
zfucnce sample. The CalculatLd changea in the exchange 
mpltng am in qualildtive qgeunenc with axpuimenr 

Indax Tarma - fcrromagnatic and ultifmmgnctic 
interlayer axchan$e c~~pling, magnetic moment, zhc Layu 
Koninp-Kohn-Rostok mertrad, ultrathin magnetic 
multilaycm. 

I. MElTHOD OF CALCULATION 

The fm-principbr electronic calculations were performed 
within the IacaJ spin density appmximauon to rhe density 
functional themy wing the h y e r  K~ga-Kohn-Rosr~kcr  
(J-KKR) tcchniqw [I]. Ths LUCR technique requirca only 
two dimensfonal ptriodicity urd is therefore ideally auited for 
the aclf-con8irtant treaPnent of infinite sandwich systems. 
These rrilayu systbmr were conmcred by embedding tho 
varying aumbar of bcc Cu (001) spacer atomic layen 
between two semi-infinite bcc Fa (001) crysrals. Tho 
helrvogeneow F J c U ( m 0 d i B ~  svucturua consisted of 9 
Atomic Lam (AL) of wppar wilh the anaal Cu raplaced by 
one AL of Fe, Cr or Ag. Acme8 o8ch e n h  nandwich the 
haice SVUCMC of bcc Pe WM used with the excaplion of one 
calculation far dvar  where the Cu lauice w ~ d  allowed to 
relax to accommodate tho larger Ag atoms. All the interfaces 
were Eakan to be uomicolly abmpt and smoolh. We have 
used the atomic sphere rppximation for the potantialr 
which were s e l f - d a c n t l y  rekcid in the spacer atomic 
layas BI well tu in4 imn aromic layarsat the interfacw. All 
other Fe layas WCIC fixed u) the bulk potential8 of bulk bcc 

iron. In all salfcdnsiat~ut calculations we have ussd r, p and 
d partial wave&, 16 c~lcrgy pohu on a sami c ~ ~ ~ I & c m m m  
in the complex tnargy plana, 36 special k-points in LBth 
secrion of the 2D Brillouin zone and 37 plane wavea for the 
interlayer scatrtring. 

We used the frozen potenrial approximation to calculstt 
the wchango coupling in the foUowing way. The same 
interface potentials ara used to calculate thc band anwgicu of 
tho fm and antifammagnauc cnnfigruadon8, reopecdvoly. 
Using Andcro6n'r Pam ? h m m  121, the httrlaya oxchange 
c ~ ~ p l i n g ,  J, i s  then calculated from Uk diffaenw banvaen 
them band tnargiao, 16.. plue an additional term that 
consists of the pmduct of &he char80 difference batwcur rhc 
two stom, dq, and the dccwchcmical potencinl, cc 
J'~bod(AF) - Ehd(f'M)+ ds*p (1) 

The number of poinu in thc k-spaca integral to calculate the 
band energies waa greatly increased and detailn of the 
cmvetgancb will be diir.unaed in the next section. 

11 HOMOQENEOUS SPACED TRILAYERS: bcc 
T;c)cu/Fe(001) 

Tha convergence of our calculatianr fot sach thicknesa af the 
homogeneous copper  paca is illusoatad in Fig. 1, whue the 
coupling M a function of rhc spacer thickncae is pbacd for 
36,136,528 an 2Q80 spbcid k-poinu in the Imdwibl8 

the solution is convergent. Our mauls are in full agccmcnt 
with the earlier rheontical studia of bcc fi(001) perfamrad 
by Human e& al. [3] whom rmdiw worn, however, limirtd to 

bctwabn 1-15 AL dlowcd ps to compme the thwnttclll 
modelsforthcoscillamycxchrrngecouphgbyEd~a 
OL [41, Bmo [SI, Sliles [6] and SlonczewsLi [71. In Rl. 2 we 
ploued tbe inttriaycr exchange coupling as a function of l e  
coppar spacer thichus and fitW tha Qlra with two msiad 
functions of diffmt amplirudce and a comma l/dz 
thickness dependenca: 

Brillwin Zone o, It is CJW that f a  2080 q ~ c i s l  k-points 

thkhSSM bet- $9 OlUCdCUhhIU Of-8 

IA~C~N@-~).$,OI + Av[(mwI/d2 (2) 
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I Z I r l ~ r l A y a ~ s  lingptoctcdurfunaiondcurpaccr 
3 U l ' f O r * ~ Y  2 hurf.arCbr thwdicd cdculakd 

n d  r moll lld'bd&mr 
psnod ordllrrlmr. 

pninllam fiuod nlh h u m  dtwo codas lrmctimr dckffYsrsnt UnpliIUde 
todetmmhe h a  lbon 

AL and LplO.0 fl.O AL in ow fit me in good agreement 
with thm predicted by Bruno for pura bcc Cu(OO1) spncer 
using exmmal spanning v e c m  along r-X, r and M lines in 
me Feami surface, see IS]. 

To simulata the possfble variation of tha thickness of the 

'7 
thickness of the cow s p ~ e r  to contain appximately 50% 
of he nominal thickness with some of the spacer being 
lhinna and some thicker [8,9,10]. Therefore, we calculated 
the moving average of th4 eattier calculated points far rho 
roughness confined to three topmost layers. see Fig. 3. 
Comparison of the calculated results in Fig. 3 with 
experimental poinm In Fig. 21 of [IO] shows striking 
similarities in the behavior of the coupling, HOWCVQ. thm 
arc also notable differences. The cros8-over from 

2 ferromagnetic IO nntifmomagnetic coupling D C C ~  at 4 . 5  
AL in theomtical calculation and -8.5 At in experimental 
data. Moraovar. the muhum antiferromagnetic c~upling in 
theoretical calculation mum IU 4 AL whcrcas in 

with nominal spacer &kkness N lo& lwo atomic layers 
N-2 atomic layas of 

studies ta 
resulting in the effective- 
the spacer. Further Mossbauer - 
investigate this possibility are underway and will be reported 
elsewhate. 

- ' 

' /  
III. HETEROGENEOUS SPACERS; bcc --C/'&J, 

,/ ' QJZj , I - L.: +t<. 

i - 3 -  
Felcu~4~X~l)cu~4uPe(ool) 

The smrcture with pure9 ALcopp~spacerwas chasen as 
the reference sample in this aet of CaleulaMrts. Atomically 

abrupt intMfaceg were used at both €QCu and M e  
inttrfacagasweUasatthbinterfactsofQleaingleforaign l J i i , h  +J 

atomic layer X with tho surrounding copper rnoaix KI 
Simplify tho calculations. Foreign atoms of Fa, Cr and Ag 

wera wed. Table I liats all the thenretical values of tho 
exchange coupling and magnetic momenta of the relevant 
foreign atom9 in the cenval spacer. The value of the 

exchange coupling for the pura 9 AL coppv ~pocer is liiatad 
as 610 fmt entry In Table I for comparison. F i  Fc. ct and 
Ag were placed in rha touelaxcd Cu lattice and the exchange 

coupUngs calculated, see entries 2.3 and 4 respecdvdy in 
Table 1. For Fe and Cr atoms each volume per a m  in the 

lattice sauctures (and Wigntt-Sei& radiua) i e  nearly the same 
(IS lhat for Cu. However, the kutice constant of Ag is about 

10% l a r g ~ ,  and, therefare, in ordw tD accommodate Ag 
amms the Cu lattice was relaxed. Silver atams were assumed 

'* J 
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to maintain Ihe in-plane lattice spacing of bcc Cu(OO1) and 
only thc lattice spacing between the two Cu atomic layers 
next to silver was mpanded vertically ta accommodate for 
the mrmt volurno pw silver atom, The result of this 
calculation is shown as enuy 5 in Table I, The final sixth 
entry in Table I is the calculation of exchange coupling for 
one atomic layer of Fe with fully disordered moments. The 
magnetic disorder ww modeled by a disordered dloy which 
consbled of equal amounte af Fa that have momenD pointing 
in the + and - z ditactions. respectively. The disordar WHS 
treated within the coherent potential approximation (CPA) 
u11. 

The resultd Listed h Table I show that the foreign Fe 
atomic l a y a  in tho ordered magnetic stab with Lhe strongest 
average moment per atom affects thc coupling the mast, the 
magnetically ordered Cr atomic layer has am intermediate 
dfst with magnetic moment pet B ~ M  an order of magnitude 
smalk and Ag has the least effect with approximately zero 
mawtic  moment ptr atom. The wperhcntal Moasbnuer 
studies ofF&u(S)/Fe(lllCu(S)/F6 sample indicated that the 
full atomic layw of Fe within the capper spacer is panially 
magnetically ordered [9]. Furthermore, sirnilat studies of a 
F~/CU(~)/F~(O.~)CU(O.~)/CU(~)~ sample showed that the 
atomic laycr wiUl50% of Fe and 50% of Cu Bt the cenw of 
the copper w r  i s  magnetically disordered. sce [g]. The 
first sample had a atrong ferromagnetic coupling whereas the 
second sample maintainad antiferromagnetic coupling, 
similar to the homogeneous Cu spacer, however, at 
approximalely hdf its value. Ths heoretical calcuhtion for 
the fully ordered end d i B M d d  Fa fbreign loyer, envy 2 and 
6 in Table I, confirm that the magnetic ordering of foreign 
atoms h the most slgnificant factor afkcling the sign and 
strength of the exchange coupling. The fully ordered Fe layer 
changes the coupling to ferromagnetic similarly ta he 
partially ordered Pe atomic layer in the experiment, 
Additionally, the magnetically disordered model calcuhion 
far an iron atomic layer at lhe Center of the spaw yields on 
antiferromagnclic coupling which is approximately half the 
value of tht coupling acmss the pure Cu queer, just BS in Lhe 
expcrimcnt. These results indica& that the interloyer 
exchange coupling depends very strongly an the magnetic 
state of the a10m wirhin the spacer. Obviously atoms d i n  
tho s p w r  p o d g  m e  degree of magnetic ordering 
scatter the majority and minority valence electrons within the 
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copper spacer in a different manna affecting not only the, 
value but ah the sign d the crcchge cwpling. Following 

spin asymmetry of the reflection mefficienfs for W y  and 
minority spins in the quantum wcU of &he spacer is the major 
variable in determining the sign and the magnitude of the 
coupling across the homogeneous spacars (see equation (13) 
in [6] and equation (5.27) in [SI). It k Iw3L swpriaing that 
placing magnetically ordered layers or atoms within the 
homogeneous spacer inboduces f& potentid banicts for 
spins up and down of the valenca ektrona hue affecting the 
spin asymmeuy within the spacer that may even change the 
sign of the coupling. 

A lese significant but nevertheleas visible effcct on the 
coupling i s  ha change of the width of the qmmm well of 
lhe spacer when the ht ice mhationa Btb included in Ihe 
case of Ag, see entries 4 and 5 in Table I. In thc case of the 
unrelaxed Cu spacer lattice (entry 4 in Table I) the exchange 
coupling did ML affect the coupling. This result is not 
surprising since the valence bnnd of Ag ia similar to that of 
Cu. However, when the Cu spacer is relaxed (entry 5 in Table 
I) the coupling changes to weakly ferromagnetic. The 
mechanism by which the coupling ir affected is now related 
to changes in the width of the quantum well that the Cu 
valence electrons are travetsing. 

The experimentnl results did not show a cr~ggover lo FM 
coupling for either Cr or for Ag foreign atoms deposimd in 
the centsr of the Cu 8pac8r. We attribute these differences 
botwoen the theoreti4 and experimental results to the fact 
thnr Fe, Cr and Ag aloms am not cohemtly placed in a single 
ccnhal atomic layer in the experimental st.rucMes, but &re 
rather alloyed over a few central Cu layers. 

stilt!# and B N i O  O f  h&hyW C X C h B C  COpPlhg, Ihe 
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