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Abstract — We report on theoretical calculations of
interlayer exchange coupling between two Fe layers
separated by a modified Cu spacer. These calculations wero
motivated by experimental investigations of similar
structures by the SFU group. The multilayer structures of
interest have the general form: Fe/Cu(k)/Fe and
Fe/Cu(m)/X(1)/Cu(n)/Fe where X indicates one AL (atomic
layer) of foreign atoms X (Cr, Ag or Fe) and k, m, n
represent the number of atomic layers of Cu. The purpose of
the experimental and thooretical work was (o determine the
effect of modifying the pure Cu spacer by replacing the
central Cu atomic layer with the atomic layer of foreign
atoms X. The first principles calculation were performed
using the Layer Korringa-Kohn-Rostoker (LKKR) method.
The theoretical thickness dependence of the exchange
coupling between two semi-infinite Fe layers wus calculated
for pure Cu spacer thicknesses in the range of O<k<16. The
sffect of the foreign atoms X on the exchange coupling was
investigated using the structure with 9 AL Cu spacer as a
-eference sampls. The calculated changes in the exchange
;oupling are in qualitative agreement with experiment.

Index Terms — fexromagnetic and antiferromagnetic
interlayer exchange coupling, magnetic moment, The Layer
Korringa-Kohn-Rostokes method, ultrathin magnetic
multilayers.

I. METHOD OF CALCULATION

The first-principles electronic calculations were performed
within the local spin density approximalion to the density
functional theory using the Layer Korringa-Kohn-Rastoker
(LKXR) technique (1), The LKKR technique requires only
two dimensional periodicity and is therefors ideally suited for
the self-consistent treatment of infinite sandwich systems.
These trilayer systams were constructed by embedding the
varying number of becc Cu (001) spacer atomic layers
between two semi-infinite bec Fe (001) crystals. The
heterogeneous Fe/Cu(modified)/Fe structures consisied of 9
Awmic Layer (AL) of copper with the central Cy replaced by
one AL of Fe, Cr or Ag. Across each entire sandwich the
lattice structure of bee Fe was used with the exception of one
calculation far silver where the Cu lattice was alfowed to
relax to accommodate the larger Ag atoms, All the interfaces
were taken to be atomically abrupt and smooth. We have
used the atomic sphere approximation for ths potontials
which were solf-consistently relaxed in the spacer atomic
layers as well ag in 4 iron atomic layers at the interfaces. All
other Fo layers were fixed to the bulk potentials of bulk bec

iron. In all self-consistent calculations we have used s, p and
d partial waves, 16 encrgy points on a semi circular contour
in the complex energy plans, 36 special k-points in 1/8th
section of the 2D Brillouin zone and 37 plane waves for the
interlayer scattering,

We used the frozen potential approximation to calculate
the exchange coupling in the following way. The same
interface potentialg are used to calculate the band anergies of
the ferro and antiferromagnatic configurations, respectively.
Using Andersen's Force Theorem (2], the interiayer sxchange

coupling, J, is then calculated from the difference between -

these band energies, Epand, plus an additional term that
congsists of the product of the charge difference between the
two states, dq, and the electro-chemical potential, j:

)

The number of points in the k-space integral 1o calculate the
band encrgies was greatly increased and details of the
convergoncs will be discussed in the next section.

I HOMOGENEOQUS SPACER TRILAYERS: bee
Fe/Cu/Fe(001)

The convergence of our calculations for each thickness of the
homogeneous copper spacer is illustrated in Fig. 1, where the
coupling as & function of the spacer thickness is plotied for
36, 136, 528 an 2080 special k-points in the Ireducible
Brillouin Zone (IBZ), It is clear that for 2080 special k-points
the solution is convergent. Our results are in full agreement
wilth the earlier theoretical studies of bec Cu(001) performed
by Herman et al. [3] whose studics were, however, limited to
thicknesses between 5-9 AL. Our calculations of coupling
between 1-15 AL allowed us 1o compare the thearetical
models far the oscillatory exchange coupling by Edwards et
ol [4], Bruno {5), Stiles (6] and Slonczewski [7]. In Fig. 2 we
plotted the interlayer exchange coupling as a function of the
coppar spacer thickness and fitied the data with two cosine
functions of different amplitudes and a common 1/d?
thickness dependence:

{A cos[(2rd/h1)-y0] + Agcos((2nd/Ay)-00l) /d? @

where d is the thickness of the spacer in atomic layers
(AL), A;, ¢;0. and A, are the amplitude, phase and period of
oscillations (in AL), respectively, for the short (i=1) and long
(i=2) range oscillations, We used spacer thicknesses of d>5
where the above asymptotic formula is likely to be accurate

J=Epand(AR) - Emndrmyt dq*H

{41, The short and long WE%W%?ROZ
_w OF THIS NOCIMENT 18 1% nirven >’\ :%‘ a

gy

Research sponsored by the Division of Materials Sciences, U.S. Depaniment of
Energy under contract DE-ACO05-960R22464 with Lockheed Martin Ener

Research Corporation.

“The submilted manuscript has been authored by a contractor

of the U.S. Government under contract No. DE-AC0S-
nonexclusive, rayally-fiee hicense to publish or reptoduce 1he

pubhshed form of this contribution, or allow others 1o do so, for

960122464 Accordingly, the U S. Government relains a
U S. Government purposes.”




DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the
United States Government. Neither the United States Government nor any agency
thereof, nor any of their employees, makes any warranty, express or implied, or
assumes any legal liability or responsibility for the accuracy, completeness, or use-
fulness of any information, apparatus, product, or process disclosed, or represents
that its use would not infringe privately owned rights. Reference herein to any spe-
cific commercial product, process, or service by trade name, trademark, manufac-
turer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof.
The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof.




FILE No. 361 10,20 'Q7 12:35 I[D:SFU-DEPART. OF PHYSICS

(]

10,6

ﬂmdumtgydﬁﬁ:m [mRy}
Band encrgy difference fergafcnt')

8,8 ey ——— ¥ ETRY
6 8.0 e 139 14.0
Ca spacer thickness [Atoniie Layers)
Fig. 1. The band differnncs batween ferro and antiferramagnetic
configurations

a3 » function of the Cu spacer thickness for increating
k-points in the 2D ixredacible Rrillouin zone. All lines are
cabic spline fits to guide the reader’s eyn. The calcnlations are convergent for
2080 spocial k-points.
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. 2 Inierdayer exchange ling plotied as & function of Cu spacer
tl:fdmm torzmiully rmm ht:rfm Our theomlzgyulculaud
points arc fittsd with the sum of two coilne fAmections of different amplitude
and a common 1/d? thickness dependence to determine the shon and long
period oscillations,

AL and A,=10.0 £1.0 AL in our fit are in good agreement

with those predicted by Bruno for pure bee Cu(001) spacer
using extremal spanning vectors along I'-X, I" and M lines in
the Fermi surface, see [S].

To simulats the possible variation of the thickness of the
spacer due to the interface roughness we @i
i by averaging the coupling over several
adjacent spacer thicknesses. It is reasonable 10 take the final
thickness of the copper spacer to contain approximately 50%
of the nominal thickness with some of the spacer being
thinner and some thicker [8,9,10]. Therefore, we calculated
the moving average of the earlier calculated points for the
roughness confined to three topmost layers, see Fig. 3.
Comparison of the calculated results in Fig, 3 with
experimenta) points in Fig. 21 of {10] shows striking
similarities in the behavior of the coupling, However, there
are also notable differences, The cross—over from
ferromagnetic 1o antiferromagnetic conpling occurs at 6.5
AL in theoretical calculation and ~8.5 AL in experimental
data, Morcover, the maximum antiferromagnetic coupling in
theoretical calculation occurs at ~9 AL whereas in
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Fig. 3. The interlayer exchange coupling a2 a function of the Cu spacer
thickness for rough interfaces. The exchange coipling values in this gra)
ware obtained by caleulating & moving Avar'ra{: of the couplings for pure Cu

spacer with ideally smooth interfaces. interfacial roughness was
simulated by averaging over values of the exchange ling, J(N), for three
adjacent pure Cy apacer thicknesses: IN-—-O.ZSJ&-I .5 iiI(NH).

where ] is the interlayer exchange coupling across the Cu spacer with
simulated rough intesfaces. The line through the points is a cubic spline fit to
guide the reader's sys. Notice that the short period ascillations ere
suppreased.

experiment &t ~11 AL. The two atomic Inyer shift in both
features between the theory and the experiment can be
attributed to the interface roughness and suggests that up to 2
AL of Cu are effectively removed from the pure Cu spacer.

This is not surprising: the Cy atomic layers at the interface ¢ . ayacti¢
| which contain Fe atoms s $i0st likely oweluded=from—the- | .., rrrhe’
1 couplipg The equivalentnf 1 AL of Cu at each interface is 1 cor
* ‘removed from participation in the coupling acrass the spacer  ThAn A
due to the intsrface roughness, The experimental structures w’r ers,

with nominal spacer thickness N lose two atomic layers

resulting in the effective senplingacesss-N-2 atomic layers of

the spacer. Further Mossbauer experimental studies to

investigate this possibility are underway and will be reported

elsewhere. e

III. HETEROGENEOUS SPACERS; bec /e
Fe/Cu{4)X(1)Cu(4)/Fe(001) ot

s A4 i
The structure with pure 9 AL copper spacer was chosen as
the reference sample in this set of calculations. Atomically
abrupt interfaces were used at both Fe/Cu and Cu/Fe
interfaces as well as at the interfaces of the single foreign
atomic layer X with the surrounding copper matrix to
simplify the calculations. Foreign atoms of Fe, Cr and Ag
were used. Table I lists all the theoretical values of the
exchange coupling and magnetic moments of the relevant
foreign atoms in the central spacer. The valve of the
exchange coupling for the pure 9 AL copper spacer is listed
as the first entry in Table I for comparison, First, Fe, Cr and
Ag were placed in the unrelaxed Cu lattice and the exchange
couplings calculated, see entries 2,3 and 4 respectively in
Table L For Fe and Cr atoms each volume per atom in the
lattice structures (and Wigner-Seilz radius) is nearly the same
as that for Cu. However, the lattice constant of Ag is about
10% larger, and, therefare, in arder to accommodate Ag
atoms the Cy Inttice was relaxed, Silver atoms were assumed

A
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TABLE1
SUMMARY OF RESULTS FOR HETEROGENEOUS Cu SPACER
The interlayer exchange conpling and the magnetic moment per fornign atom
for the heterogencous ?nmwhmunwwdammm layer was
by the stomic Tayer of atoms of Pe, Cr snd Ag. The sverage magnetic

moment per alom in the fully disardered Fe is xero.
POREIGN ATOM  Exchangs Coupling in Maaneu'c Moment in
miy (ergs/cm?) ohr magneton

1. pure Cu 0.000 (-4.8) 0.004

2. Fully Ordered Fe +0.60 (+32) +2.55

LG +0.24 (+13) +0.25

4, Unrelaxed Ag 0.085 (-4.6) 0.0

5. Relaxed Ag +0.036 (+1.9) -0.002

&, Fully Disorderd Fe 0.040 (-2.1) 12.55

to maintain the in-plane lattice spacing of bec Cu(001) and
only the lattice spacing between the two Cu atomic layers
next to silver was expanded vertically to accommadate for
the correct volome per silver atom, The result of this
calculation is shown as entry 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 disarder was modeled by a disordered alloy which
consisted of equal amounts of Fe that have moments pointing
in the + and - z dirsctions, respectively. The disorder wus
treated within the coherent potential approximation (CPA)
[11].

The results listed in Table I show that the foreign Fe
atomic layer in the ordered magnetic state with the strongest
average moment per atom affects the coupling the most, the
magnetically ordered Cr atomic layer has an intermediate
effect with magnetic moment per atom an order of magnitude
smaller and Ag has the least effect with approximately zero
magnetic moment per atom, The experimental Moasbauer
studies of Fe/Cu(5)/Fe(1)/Cu(5)/Fe sample indicated that the
full atomic layer of Fe within the copper spacer is partially
magnetically ordered [9), Furthermore, similar studies of a
Fe/Cu(5)/Fe(0.5)Cu(0.5)/Cu(5)/Fe sample showed that the
atomic layer with 50% of Fe and 50% of Cu at the center of
the copper spacer is magnetically disordered, see [9]. The
first sample had a strong ferromagnetic coupling whereas the
second sample maintained antiferromagnetic coupling,
similar to the homogeneous Cu spacer, however, at
approximately half its value, The theoretical calcniation for
the fully ordered and disordared Fe foreign layer, entry 2 and
6 in Table I, confirm that the magnetic ordering of foreign
atoms is the most significant factor affecting the sign and
strength of the exchange coupling. The fully ordered Fe layer
changes the coupling to ferromagnetic similarly to the
partially ordered Fe atomic layer in the experiment.
Additionally, the magnetically disordered mode! calculation
for an iron atomic layar at (he center of the spacer yields an
antiferromagnetic coupling which is approximately half the
value of the coupling across the pure Cu spacer, just as in tha
experiment. These results indicate that the interlayer
exchange coupling depends very swongly on the magnetic
state of the atoms within the spacer. Obviously atoms within
the spacer possessing some degree of mugnetic ordering
scatter the majority and minority valence electrons within the

copper spacer in a different manner affecting not only the
value but alzo the sign of the exchange coupling. Following
Stiles and Bruno theory of interlayer exchange coupling, the
spin asymmetry of the reflection coefficients for majority and
minority sping in the quantum well of the spacer is the major
variable in determining the sign and the magnitude of the
coupling across the homogensous spacers (sse equation (13)
in [6] and equation (5.27) in [5]). It i3 not surprising that
placing magnetically ordered layers or atoms within the
homogeneous spacer introduces further potentisl barriers for
spins up and down of the valence electrons thus affecting the
spin asymmetry within the spacer that may even change the
sign of the coupling.

A less significant but nevertheless visible effect on the
conpling is the change of the width of the quantum well of
the spacer when the lattica yolaxations are included in the
case of Ag, see entries 4 and 5 in Table L. In the case of the
unrelaxed Cu spucer lattice (entry 4 in Table I) the exchange
coupling did not affect the coupling. This result is not
surpriging since the valence band of Ag is similar to that of
Cu. However, when the Cu spacer is relaxed (entry § in Table
I) the coupling changes to weakly ferromagnetic. The
mechanism by which the coupling is affected is now related
to changes in the width of the quantum well that the Cu
valence electrons are traversing.

The experimental results did not show a crossover to FM
coupling for either Cr or for Ag foreign atoms deposited in
the center of the Cu apacer. We attribute these differences
botween the theoretical and experimental results to the fact
that Fe, Cr and Ag atoms are not coherently placed in a single
central atomic layer in the experimental structures, but are
rather alloyed over a few central Cu layers.
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