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A biperiodic oscillation of the strength of the antiferromagnetic interlayer coupling as a function of the
thickness of an embedded Ni layer has been observed in an epitaxi@l@¥Co/Cu/Co/Ni/Co sample with the
Cu interlayer and the Ni layer in the form of wedges. As the effect originates from Bloch-wave interference in
the Ni layer, the observed periods must be, and indeed can be, related to extremal spanning vectors of the
spin-resolved Ni Fermi surface. The experiment touches on the selection criteria for spanning vectors of Ni that
determine the periods of the oscillatiofi$0163-182606)50726-5

Many aspects of the oscillation of the interlayer couplinglayer have been observed. As the calliper of the FS of Ni and
as a function of the spacer thickness in magnetic multilayer€u probably do not share the samgethis means thak is
are well understood by nodinitially, the period was shown not conserved. To explain this deviation from theory several
to be determined by extremal spanning vectaalliper of  suggestions are made. Moreover, the experiment extends the
the spacer Fermi surfad€S). Recently, the dependence on study of the dependence of the coupling on the ferromagnetic
the thickness of the ferromagnéti¢ and cap layers” has  layer thickness for the magnetic transition mefafsand
been investigated. These experiments confirmed existingonfirms that layers that are not adjacent to the spacer also
theories that are based on spin-dependent reflection of elecontribute to the coupling strength.
tron waves in the whole multilayer staR.Further, they To measure the dependence of the coupling on the Ni
also raised the question as to which of the callipers of the F#hickness, the following multilayer was deposited by mo-
of the ferromagnet or cap layer material determines the pdecular beam epitaxyMBE) on a Cy100) single-crystal:
riod. For example, the minority spin FS of fcc Co alone has

ten different callipers along th€l00) direction? which are Cu(100)/40 A Co/Cu wedged—35 A)/4 A Co/
all potential candidates for defining oscillation periods. Cur-
rently, selection rules receive explicit attentiBrand state Ni wedge 0—25 A)/30 A Co/10 A Cu/20 A Au.

that the in-plane wave vectds; must be conserved for cal-
lipers of the spacer FS and the FS of the ferromagnet or cap schematic picture of a very similar structure is given in
layer materiat! So far, all experiments automatically Ref. 2. We have deliberatelyot used a sample with sym-
obeyed this selection rule, due to the fact thak@atO the  metric magnetic layers, i.e., with two Ni wedges, because the
FS’s usually have callipets® or because identical spacer and inevitable inequality of the wedge slopes and starting points
cap layer materials ensure a perfect match of the F®is. can obscure the oscillatory behavidrA thin Co layer was
the case of Cu and Ni FS’s also a perfect match exists for thinserted between the Cu and Ni wedges as the exchange
callipers atk;=0 (responsible for a long period oscillatipn  coupling in Co/Cu/Co is larger than in Co/Cu/Ni. In addition,
but for the callipers ak;+0 (short period the k; probably  on top of the Ni wedge a 30 A Co layer was deposited to be
differ. Therefore, a study of the dependence of the couplingble to align the coupled magnetic moments on both sides of
across a Cu interlayer as a function of a ferromagnetic Nihe Cu interlayer at small Ni thickness. Both added Co layers
layer may or may not reveal a short period oscillation andfacilitate the measurement and interpretation of the Kerr hys-
shed some light on the underlying selection rules. teresis loops from which the coupling strength is determined.
In this paper we report on an experiment that challenge3o allow independent variation of the Cu and Ni thickness
the selection rules. A long and short period oscillation in thethe wedges were arranged perpendicularly. Growth condi-
interlayer coupling as a function of the thickness of a Nitions and the sample analysis are the same as in Ref. 2. The
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54 BIPERIODIC OSCILLATORY COUPLING ASA . .. R749

30 220
1 : : 1
° 2001+
2 A AN :
£ 180H ¢ 3 1 50
- [ 0 ' ‘0%
2 ALY AN B
g O 1601 o . v oo
g o, b Vo
Un < tyoa® b
I I 1 A T TN B VIfs — — i HIl|
0 5 0 15 20 25 30 35 40 = . . J ' . . )
Cu thickness (A) = - . : X ' '
] ] [ [ ' [ [
) ) ) E 100 ] ' ' ' [
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analysis yielded a Cu wedge slope of 4:20.6 A/mm and a sol-! o fbom ' ®,
Ni wedge slope of 3.2 0.5 A/mm. [ ' ' ! T35
First the dependence of the coupling strength on the in- 0 K ' T B ° , Q°°
terlayer thickness was studied at different Ni layer thick- 0 5 10 15 20 25
nesses to locate antiferromagnetiF) coupling peaks and Ni thickness (A)

to trace their position with changing thickness of the Ni

layer. The result of the scan before the Ni wedge is shown in FIG. 2. Dependence of the summed coupling figttison the

Fig. 1. Here the coupling fieldl ;, defined as the field where thickness of the Ni layer at the Cu peaks labeled 1 and 2 in Fig. 1.
the Kerr effect reaches half its saturation value, is plottedrhe solid lines are fits based on the phenomenological equétjon
against the thickness of the interlayer. Clearly, a long andnd the dashed lines indicate the maxima of the oscillations.

short period oscillation are present, as may be judged from

the peak width relative to the peak separatipeaks labeled Nnesses. Nevertheless, the peak positions of the fit agree very
1, 2, and 3, the separation of peaks 3 and 4, signs of peakvell with those of the experimental peaks. The values for the
between 2 and 3 and beyond 4, and finally from comparisoiperiods were 9. 0.5 A and 4.0+ 0.2 A, excluding a 15%

with other experiment$ uncertainty in the wedge slope. Comparison with the theo-
To obtain the values of both periods the data were fittedetical periods of 10.6 Acorresponding to the calliper at the
with the following, phenomenological equation: “belly” ) and 4.7 A(at the “neck”),*® shows that the ratio of
the periods is corredboth 0.44 but the absolute values are
I=Jg+ 2 coz( 2t +¢') (1) too low. This indicates that the actual wedge slope is prob-
t+t )2 e ably somewhat larger than the measured one, but still lies

within the limits set by the experimental accuracy. For the
wherei=1,2 refers to the long and short period. For com-following, however, it is sufficient to note that two oscilla-
parison with the experiment a conversiondbfo Hj; is in-  tion periods are observed.
cluded in the fitting procedure, incorporating the effect of At interlayer thicknesses corresponding to the AF cou-
unequal magnetic moments per atggaM  on either side of pling peaks labeled 1 and 2 in Fig. 1, Kerr loops were mea-
the Cu spacer. For relatively high anisotropy compared to theured as a function of the thickness of the Ni layer. To be
coupling (second AF peak or highgrH;=J/tu,M¢ with sure to find the maximum AF coupling at each Ni thickness,
tuoMg the smaller magnetic moment per area, was used. Fa series of 9 Kerr loops was measured as a function of the Cu
the first AF peak, relatively low anisotropyd; was calcu- thickness across each AF coupling peak at positions sepa-
lated from Eqs(7) and(8) of Bloemenet al1* For different  rated by 0.05 mm(0.2 A Cu), thus approximately spanning
combinations of the phaseg{) and periods 4,), the am-  the full width at half maximum of the AF peaks in Fig. 1.
plitudes {,;) were fitted in order to achieve a minimum However, in order to reduce noise the sum of the coupling
deviation from the positive experimental valugsegative fields obtained from the 9 loops is considered. In Fig. 2 the
values of the fit are not considepe®nly positiveH; or AF summed AF coupling fields are plotted as a function of the
coupling can be measured in the present case of a sample Bf layer thickness at the first two interlayer AF maxima. A

effectively two magnetic layers. significant variation is seen, which cannot be characterized
In the fit of the interlayer dependence the Cu thicknesdy a single, long period.
(tcy) was substituted forandJ,=0 andt,=0 were used. A On theoretical grounds a double period oscillation, origi-

correct fit of all peak heights appeared to be impossible omating from the interference of electron waves in the Ni
the basis of Eq(1) and the best fifsolid line in Fig.  was  layer, is expected, based on two callipers one at the “neck”
obtained by overestimating the height of the first peak. Theand one at the “belly” of the Ni FS, as for Cu. Therefore, a

lower experimental value may be a result of averaging of thdit with Eq. (1), but in this case with the Ni thickness substi-

coupling strengths at different thicknesses due to roughnestyted fort, is attempted. An offset coupling, is also fitted

or of ferromagnetic bridgegpinholes at small Cu thick- now and as a first approximation we takg=tc,+4 A Co.
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TABLE 1. Callipers derived from calculated Ni FS’s and the
ASW calculation performed by the authors. The half of the calliper
k, as a fraction ofl'X, the corresponding aliased peridd the
corresponding in-plane wave vectgras a fraction of'K, and the
spin are given. The uncertainty in the values for the long and short
periods as a result of measuring the lengths of callipers are esti-
mated as 0.5 A and 0.1 A, respectively.

} TK 0111k, Cu[ Ni MK 0111k §

K. short

k, (TX) AR Kk (TK) Spin Authofs)
0.76 7.4 0 Down KLlong
0.74 6.7 0 Up ConnollyRef. 16 X [100]k, — ~— X [100]k;
0.49 3.6 0.56 Up
0.80 8.9 0 Down
0.76 75 0 U TsulRef. 17 FIG. 3. Schematic representation of the relevant cross section
0'50 3.6 0.50 Up ' (“dogbone”) of the Cu and spin-up Ni FS. The long and short

) ) ' P period callipers; alongI'X, only half of which is shown, and the
0.75 7.0 0 Down Callaway in-plane wave vectork alongI'K are indicated by solid arrows.
0.79 8.3 0 Up  and Wan(Ref. 18 The dashed spanning vector is not a calliper but consdqves
0.51 3.6 0.57 Up
0.75 7.5 0 Down . . . .

. Cu and spin-up Ni FS is given. The long period ranges from

0.77 8.0 0 Up ASW calculation P P . 9 gp 9
0.52 37 0.53 Up fce Ni 6.7 A to 8.3 A for spin-up electrons and from 7.4 A to 8.9 A
052 37 054 Up for spin-down electrons. Much better agreement is found be-

tween calculations of the calliper at the “neck” that is re-
% corresponding to the calliper of the short period in Cu. sponsible for a short period of 3.6 to 3.7 A. However, the
corresponding in-plane wave vectly of the short period
This choice oft, and the functional dependence gnare ranges from 0.5DK to 0.571°K. No calliper giving rise to a
motivated in a study of the cap lay@rlso here, the con- short period exists for spin-down electrons. Due to aliasing,
version fromJ to H; is implemented. Due to the varying the long period is much more sensitive to the position of the
thickness of the Ni layer this results in a slightly decreasing=ermi level than the short period, leading to a larger uncer-
background with increasing Ni thickness, as is visible in thetainty in the long period.
fits. The best fits on the basis ¢f) are shown as solid lines On comparing the experimental value of the long period
in Fig. 2. with the values in Table |, it appears that the long period can
It appeared that the behavior at both AF peaks could bstem from the calliper of both the spin-up and spin-down FS.
described with one set of oscillation periot®6 + 0.2 A From the theoretical point of view the preferred spin direc-
and 7.9+ 0.5 A) and phases. In the error margins the un-tion seems to be spin down. This is because in the free elec-
certainty in the Ni wedge slop@5%) is not included. This tron approximation which is approximately valid for the
correlation of periods and phases is indicated by the dasheglectrons responsible for the long period, the height of the
lines through the maxima. As the periods are all determinegbotential steps, and therefore the reflection, at the Cu/Co,
by the Ni FS they must be the same, of course. The fact tha€o/Ni, and Ni/Co interfaces is largéyet still small, yielding
the phases of the oscillations appear not to depend on the Gransmissions=1) for spin-down electrons. However, a com-
thickness, can be explained along similar lines as in a receqication arises as a result of destructive and constructive
cap layer study.The variable part of the phase is determinedinterferences in # 4 A Colayer which can promote a cer-
by the Cu spacer thickness. Between peak 1 and 2 in Fig. tain spin direction. For the short period a calliper of the Ni
this phase difference is approximately a multiple of 2or ~ FS only exists for spin-up electrons and the spin direction is
both the short and long period. Therefore, there appears to lsdear, indeed the value for spin-up electrons agrees very well.
no phase shift at all between oscillations 1 and 2 in Fig. 2. Let us now turn attention to the question of the conserva-
Again, the fits do not match the data in the whole thicknesdion of k; . For reasons of symmetry kf=0 callipers of the
range, perhaps a consequence of the summing procedure fi® always exist if the direction perpendicular to the surface
this case, but the positions of the maxima and minima arés along a high symmetry axis, as for fcc(dM0 and fcc
reproduced well. As the periods are our main concern, w&u(100). Therefore, the condition of the conservatiorkpfs
will leave the discussion of the quality of the fits in relation automatically satisfied for these callipers, which are respon-
to possible imperfections of E@l) for now. sible for the long period in this experiment. Similarly, the
To relate the experimentally observed periods to callipergondition of conservation d{ is satisfied for all the experi-
of the spin-up or spin-down FS of Ni, we have summarizedments in the literature mentioned above, except for one
the relevant values in Table I. We have also carried out selfwhich we will discuss below. In the case of the short period
consistent augmented spherical wd#SW) calculations in  this cannot be decided so easily. Although the reported val-
the local density approximation. These results are also listedes ofk; of the callipers responsible for the short period of
in Table I. From the calculated Ni FS’s the callipers and thethe Ni FS(0.50-0.5T'K) overlap thek; of Cu (0.52°K) it is
corresponding aliased periods could be derived by measuringnlikely that they are exactly the same. This implies that
their length alond™X. For clarity in Fig 3 a schematic rep- electron states that are callipers in Ni connect to states that
resentation of the relevant cross sectibdogbone”) of the  are not callipers in Cu and vice versa; see Fig. 3. It appears
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that we have to release at least one of the conditiong)of tioned layers transmit the Bloch waves at the respedtjve
conservation ok and ii) extremality of the spanning vec- they are unimportant in the process of selecting the callipers
tor. responsible for the observed periods. In the case of Co a
In order to determine which condition is violated, the ori- band gap for spin-down electrons of the short period exists.
gin of these conditions must be known. The extremality ofTherefore, even if a short period calliper in the spin-down FS
the spanning vector is required because, in the summatioof Ni would exist, its contribution would be strongly reduced
over all spin density waves with perpendicular wave vectorsince tunneling is the only way of transmission.
ranging from O up to the Fermi wave vector, only the wave In this respect it is worth addressing one recent cap layer
of the calliper is not cancelled. On the other hand the conexperiment, where an oscillatory behavior of the interlayer
servation ofk| is a result of the perfect in-plane translation coupling as a function of a cap layer was observed in
symmetry. In practice however, to some extent interfacde/Au100).” In this experiment a short period oscillation
roughness and misfit dislocations occur, resulting in a smaltesulting from a calliper at the “neck” of the Au FS with
spread ink; of ~1%1° Furthermore, for finite thicknesses a k;#0 appeared. As in our experiment, the role of the Fe
variation of the calliper is allowed and at elevated temperafayer is merely to transmit the spin density waves and its FS
tures also a variation df. For example, from the calculated does not play a role in the selection of callipers of the Au FS.
ASW band structures the spread in the calliper at room tem¥herefore, the conditions of the conservatiorkpénd of the
perature was estimated 1%. A similar variation kpican be  extremality of the spanning vectors at the sakpeare, of
expected. These variations would almost reconcilekjhef ~ course, satisfied if the interlayer and cap layer are made of
the short period of Cu with that of Ni; see Table I. Finally, asthe same material. The cap layer type experiments can be
the experiment only provides us with periods, the consemodified to further investigate the question of conservation
quences of the conservation or nonconservatiokjahust  of k; by choosing different cap layer materials than the in-
be translated into a period. In Table | we tabulated the calterlayer material, e.g., Au/Fe/Ag.
culated noncalliper and related period of the Ni FS at the In conclusion, a biperiodic behavior of the coupling
k| of the calliper of the Cu F$dashed arrow in Fig.)3The  strength with the thickness of an embedded Ni layer has been
period hardly deviates from the period corresponding to thebserved. The observed long and short periods can be related
calliper of the Ni FS and we cannot establish in this wayto callipers of the Ni FS. Although we cannot be conclusive
whether the extremality or thie; conservation condition is due to uncertainties in both experimental and theoretical val-
violated. ues, it is not expected that the callipers of the Cu and Ni FS
Up to now the role of the thin Co layer has not beenshare the samk, in the case of the short period. Therefore
considered. The presence of callipers in Co at the dgrae  the observation of a short period oscillation of the coupling
in Cu or Ni is not necessary for the observed oscillationsacross Cu as a function of the Ni thickness implies that in
One only needs to consider the FSs of the interlayer and theractice the requirement of the conservatiorkpbr of the
layer that is varied in thickness, in this case the embedded Nixtremality of the spanning vector of the FS are not that
layer!! As long as further layers separating the aforemenstrict.
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