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Interlayer magnetic coupling: Effect of interface roughness
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The effect of structural interface imperfections on the interlayer magnetic coupling is studied theoretically
by considering(i) a macroscopic model of roughness for possible fluctuations of spacer thickness,) and
microscopic model of interdiffusion at ideal interfaces. For the Co/C@QD system, we found a dramatic
decrease of the amplitudes of the oscillations even for a small amount of interface imperfections, particularly
strong for the short period oscillations, and thus indicating a possible source of discrepancy tstvirga
calculations and experiment.

Since the discovery of the oscillatory interlayer exchangenteractions in the tight-binding linear muffin-tin orbital
coupling (IEC) between magnetic layers separated by a nonmethod (TB LMTO).!2 The block tridiagonal form of the
magnetic spacer, there has been an intense effort to undestructure constant matrices with respect to layer indices al-
stand this phenomenon theoretically and to find physical palows us to calculate the coupling energies over a large num-
rameters which influence the periods and amplitudes of thber of spacer layers since the numerical effort scales linearly
oscillations! The interest in magnetic multilayers was addi- with the system size. A discrete Fourier transform of the
tionally motivated by the discovery of the giant magnetore-coupling energies can be performed, which in turn serves to
sistance(GMR) in these material$ A simple method to ex- identify the periods and amplitudes of the oscillations, in
amine the importance of interfacial scattering proved to beparticular the long period ones. In principle, according to the
the so-called planar dopirignamely the insertion of layers formulation given in Ref. 10, the potentials as well as the
of selected elements at the interfaces between magnetic aatomic composition can vary from layer to layer. The present
spacer layers(experiments were performed by Guerneyapproach comprises the Ruderman-Kittel-Kasuya-Yosida
et al?) Depending on the type of inserted matefidla  (RKKY) type theories and the full-confinement quantum-
strong influence of planar doping on both the GMR and thewvell approaché'sas limiting cases of weak and strong cou-
IEC was found. Since experimental evidence demonstrate®ling, respectively®
that in reality islanding, foreign atom@mpurities, rough The purpose of this paper is to investigate the role of two
interfaces, or interdiffusiohcannot be avoided, it seems to general cases of imperfections frequently occurring at inter-
be of quite some importance to understand in particular théaces of artificially prepared materials like multilayers,
scattering from nonideal interfaces with respect to the IEQiamely interfacial roughness and interfacial interdiffusion,
and the GMR. which — as a new feature — are treated within the same,

Up to now first-principles approaches to the IEC wereparameter-free electronic structure model. Consider the situ-
applied for idealized interfaces and fall into two categories:ation shown in Fig. Xtop), namely two magnetic slabs em-
(i) total energy calculations using mostly supercell geom-bedded in a nonmagnetic spacer. In order to discuss the case
etries, which being numerically demanding seem to be lim-of interfacial roughness, one can use the model proposed in
ited to small cell size§,and (ii) methods that directly sepa- Ref. 13, namely large flat terraces of monolayer heights fluc-
rate the small interface-interface band energy contribution téuating randomly in both directions around an ideal interface
the total energy by using a Green’'s function particularlywith the probabilityr. We assume no correlation between the
suited for layered structures. In connection with Lloyd formation of such terraces at neighboring interfaces. The de-
formulatior! for the integrated density of states adapted toviations of the actual spacer thicknesfrom its mean value
layered structures, these meth®dS are also suitable for L are specified by the probabilitiesv(L—n), where
study of random systems within the well-established coherw(0)=(1—2r)?+2r?, w(=1)=2r(1-2r), w(*2)=r?,
ent potential approximation(CPA).!* In the present and w(m)=0 for |m|>2. In principle r is confined to
approacf? extensive use is made of two-dimensional trans-0<r<0.5, however, the model describes physically mean-
lational symmetry and of the short range of the interlayeringful situations only for a smaller range, say for
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physical mechanism of a suppression of the amplitudes,

namely the occurrence of frustrated Fe-Cr bonds at the inter-

""" Cu = bulk \co_;;_cg ‘Cu—z'—% %'—@‘C%W’c face a):wd the Cr magnetic instability, differs therefore cru-
The interface region cially from those addressed in the present paper. Quite

clearly both models for interfacial imperfections can be im-

proved, namely by considering terraces with steps higher

_The Co/Cu interface than one monolayer and taking into account fluctuations of

within the interface region the thickness of the magnetic slabs, by interdiffusion com-

1 ... M1 M 1 2 - L1 prising more interface layers, or by taking into account
interface-near layers with vacancies. An extension of the
: : : : : : present scheme to the case of periodic multilayers is also

Co - Co Co;Cuy_, Coy_,Cu; Cu .-+ Cu possible.

: : : : : : The numerical studies were performed for slabs of Co

embedded in a fcc-QQ01) spacer. The advantage of study-
. ) _ ) ing this system is the magnetically passive spacer and the
F.I(.B..l.. Top: The interface region sandwmhed. between.twostab”ity of the Co moment in different configuratiofias

semi-infinite fcc-C@001) substrates. Double and single vertical contrasted with, e.g., the Fe/Cr(P8Y) Systemls,ﬂ] The
lines denote inner and outer slab interfaces, respectively. Bottomgg e oo cictant p,ote;nﬁ,als for the bulk Cu and fdr a single Co
The model of interface interdiffusion assuming intermixing of Co monolayer in a bulk C@©01) are used also for the interactin
and Cu atoms in adjoining layers at inner slab interfaces. The Samse,"labs ;nce self-consistent potentials fréimbulk fcc Cu 9
model is also used for outer interfaces. ’ . nt po . L

and fcc Co calculations with aligned Fermi leveis) single

_ . . . Co monolayer embedded in a Cu hdstnd (i) Co/Cu in-
0<r<~0.3. The exchange coupling energy is defined as terface calculations with four layers on each side of the in-

1t£he energy Qiﬁe:_ence betwfeer:] a ferromagnetic and an ants tace determined self-consistently in each layer yielded
erromagnetic alignment of the magnetization in the mag;imjjar results. In order to avoid numerical difficulties with
netic layerdfor a def|n|t|0r_1 qféX in the pres_ent context see ihq phase of the complex logarithm needed in the Lloyd
Eq. (1) of Ref. 10. Its stau;ucgl average with respect to the ormula (see also Ref. 10 the energy integrals were per-
average spacer thickneksis given by formed along a contour perpendicular to the real axis,
. namely along z=E;+ié8, 0<d<c, using a Gaussian
%X(L)zz w(L—n)Z&,(n). quadrature for typically 20 energy points. All calculations
n were performed foif =0 K to subtract the net effect of dis-
The convolutionlike form of the relation betweefy(n) and ?rqltertwhlch ”l'ght bedhtlf?den UndiL?fﬁ;ned ef‘fectbof the
#y(L) implies that the amplitudes of oscillations with wave I?Ike e(;?n[?[gr%lJtLeeairr]reduiii)Fl):Cseurrfaé:ce Brillojirr(};ezgrtjjm ier
number k are reduced due to roughness by a factor® €I P /pi-

W(K)=[1— 4rsirf(k/2)]2, namely the Fourier transform of cally a few thousandswas used for the very first points on
the probabilitiesw(m). ' contour close to the real axis while for energies considerably

In the case of interfacial interdiffusion, the interdiffusion ©f the real axis the number df; points is significantly
of magnetic and nonmagnetic atoms at respective interfacegnaller. We have checked convergencyL8F,, whereL is
into the nearest-neighboring layers of other material is astn® actual spacer thickness. A discrete Fourier transform
sumed in terms ofrandom alloying corresponding to a F(K) was then performed for a set bfZ, values, wherd-
given concentration prof”e' as shown in F|g(h_ott0n~b’ varies typ|Ca”y from 10 to 50, inCluding in some cases also
which can be described theoretically by means of an inhovalues ofL up to 80 and the results in both cases agreed
mogeneous CPA! We have verified numerically that the ne- Well. The periods of oscillations\; (in monolayers were
glect of the corresponding vertex correctibhdue to a cor-  identified from the positionsk; of pronounced peaks
related motion of two electrons in the same random field hadF (ki)| as A;=2m/k;. Amplitudes of oscillationsA; were
negligible effects on the values of coupling enerdfeShe  estimated fromA; = (2/p)|F(k;)|, wherep is the number of
problem of statistical averaging is thus reduced to the evaluk?#, values used in the Fourier analysis. It should be noted
ation of the coherent potentials of an isolated random slab ithat our definition of the amplitudes of oscillations is consis-
a spacelf and to the evaluation of the corresponding surfaceent with the RKKY limit' and it is particularly suitable for
Green's functiont® This “frozen” CPA (Ref. 10 is consis- the present study.
tent with the concept of frozen potentials used throughout From the results presented in Figs. 2 and 3 and in Table |
this paper. the following conclusions can be drawn:

The CPA, which is an effective medium theory, neglects (i) The two pronounced peaks found for @©01) slabs of
any statistical correlations in the random system. The dampsne monolayerML) and 5 ML thicknessFig. 2) clearly
ing of electronic states at the Fermi energy, however, as welhdicate the presence of long and short period oscillations in
as concentration-dependent trends are described correctihe system. For thick magnetic slabs, namely 10 Co layers
The present model is thus sufficiently general in the preserand more, the long period oscillations are suppressed and
context. It should be noted that the effect of interdiffusion innearly vanish®°in the limit of very thick slabgFig. 2, full
Fe/Cr multilayers was previously modeled via interfacial or-line). The period of long oscillations for monolayer Co sfabs
dered compoundéusing an empirical tight-binding method atk; ~ 0.95, which corresponds to 6.6 ML of the spacer, is
and completely neglecting the effect of randomness. Theeduced for 5 ML Co slabs to about 5.2 ML of the spacer,
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FIG. 2. Discrete Fourier transfortf (k)| of L2Z, for a finite set () L (monolayer)

of spacer layergL=10-50 layersand for the case of ideal inter- _

faces: two semi-infinite G001) subsystems sandwiching the Cu-  FIG. 3. The exchange coupling?Z, as a function of the spacer

spacer(full line), two Co00J) slabs in fcc-Cu each 5 monolayers thicknessL for two Co(001) slabs in fcc-Cu each 5 monolayers

thick (dashed ling and two C¢001) monolayers in fcc-Cudotted  thick and for the model of interface roughneés) ideal interface

line). The background oscillations are due to the finite data setg§roughness =0.0) and (b) interface roughness=0.25. Diamonds

used for the Fourier transformation. refer to the calculated values. A back Fourier transforr @) was
used to obtain a continuous interpolati¢full line) between the

while their amplitudes remain approximately the same. Incalculated values.

contrast to the strong thickness dependence of their ampli-

tudes, the periods of the short oscillationskat~ 2.5 (2.5  the other slab interfaces were kept ideal. The relative ampli-
ML of the spacer are insensitive to the Co slab thickness. 1,des for the short periods(B.05/A(0) are 0.99(0.36) if

(ii) As can be seen from Table |, the effect of interfacial randomness is limited to the outénnen interfaces. The
roughness on the coupling strength is quite large and is igecisive role of the inner interfaces seems to be obvious. For
particular strong for the short period oscillations, which arethe |ong period oscillationgthe slab thickness of 5 ML is
almost wiped out for =0.25. The long period oscillations comparable to their periofithe influence of disorder at inner
survive although their amplitude is reduced approximatelyand outer interfaces is comparable, but weaker than in the
by a factor of 2. From the analytical form a¥(k) it is  model in which both the inner and the outer interfaces are
obvious that mostly oscillations viita 2 ML period are sup- disordered Table ).
pressed, i.e., oscillations close to the short petxd ML). (v) Figure 3 show:tzi_éx as a function of the spacer thick-

It should be noted that the relative suppression of amplitudeSass| for an ideal and a rough interface £0.25). Two
of oscillations is not sensitive to the thickness of magnetic o

slabs and that both analytical and numerical forms give

nearly identical results. TABLE |. Relative amplitudes A¢)/A(0) (v=r,x) for two

. _— . . . Co(00)) slabs in fcc-Cu each 5 monolaydidL ) thick and for two
(iii) The effect of interfacial interdiffusion on the coupling semi-infinite (inf) Co(001) subsystems sandwiching the Cu spacer.

Strength(TabIe bis even more dramatic. An ‘f"pprec"?‘b'? SUP” The values are given for short and long peri@g$/L case and for
p_re_ssmn of the amplltgdes Qf th_e short period oscillations 'Short periods(semi-infinite caseas a function of the interface
visible already for 2% interdiffusion and amounts to an Orderroughnessr and the interface interdiffusion concentrati@n(as-
of magnitude for 10% interdiffusion. Clearly, the strong dis- 5 meq to be the same at inner and outer interfade quantity
order present in the Cu-Co alloy system, in particular be ) refers to the ideal interface £0.0 orx=0.0).
tween Cu and down-spin Co states, is a key factor for the
coupling strength. 5 ML slab inf
(iv) The fact that the strong suppression of the short pe-
riod coupling strength does not depend on the Co slab thick-
ness(compare the 5 ML Co slabs and the semi-infinite C00.0 1.0 1.0 1.0 00 1.0 1.0 1.0
case confirms the decisive role of interface region. We have0.05 0.67 0.87 0.66 0.02 0.70 0.85 0.69
addressed this problem by performing calculations for slabg.1 041 0.76 040 005 038 062 0.37
of 5 ML Co with 5% interdiffusion where either only the 925 0.02 0.46 001 01 012 0.36 0.12
inner or only the outer slab interfaces were disordered, while

5 ML slab inf

r short long short X short  long short
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periods, short and long, with different amplitudes can clearlyeral kinds of interfacial imperfections, namely an interfacial
be identified for the case of the ideal interface. One can semughness model with randomly distributed terraces of
that as compared to an ideal interface for this particulamonolayer heights leading to fluctuations of the spacer thick-
model of a rough interface only the long periodsith  ness, and an interfacial interdiffusion model, in which mag-
strongly reduced amplitudesurvive (see also Table)l Our  netic and nonmagnetic atoms are mixed randomly at the in-
calculations confirm an approximate-like behavior of  terfaces which were treated within a unified electronic
Zx(L) in the limit of large spacer thicknessas predicted by  structure model. In particular a dramatic effect of the inter-
a simple RKKY theory. Note, however, that this behavior is tace imperfections on the coupling strength for the short pe-
actually only valid for a spacer thickness larger than 15 lay+joq gscillations was found in the case of interdiffusion. The
ers and it is different in the preasymptotic region. The ex,resent study clearly demonstrates the high sensitivity of the

Fenrpe?tal vsluefstho f COU.[|)||II:[1'g streLngthz are deduc((jaq fr;)m oupling strength with respect to various kinds of interfacial
ewTIrst peaks ot the osciiia ing,(L) and correspon Ing to imperfections and decisive role of interface electron scatter-
a finite temperature. On the contrary, the net effect of inter-

L . .Ing for the exchange oscillatory coupling, and in turn indi-
facial [mperfectlons should b.e deduced from the asy”.”mo'"(?‘ectly also for the giant magnetoresistance in metallic multi-
behavior for large spacer thicknesses andTer0 K. It is

byi that mparison of theoretical and experim ntI yers. The present study also shows that care is needed
obvious that a comparnison ot theoretical and experime hen comparing theoretical and experimental values of cou-
values of coupling strengths is not straightforward, in par-

ticular when the quality of the interface is not precisely con-pllng strengths.

trolled in the experiment. New experiments more tailored to Financial support for this work was provided by the Grant

this specific problem should be performed. Agency of the Czech Republi(Projects 202/93/1174 and
In summary, we have performeab initio calculations for  202/93/0688 the Austrian Science Foundatidi?1023},

the interlayer exchange coupling in the presence of two gerand the Austrian Ministry of Sciend&Z 45.384/2-1V/6/94.
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