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Oscillatory exchange coupling in Fe/Cr multilayers
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First-principles calculations of the reflection probabilities for Fermi-surface electrons at Cr/Fe interfaces are
used to compute the strength of the oscillatory exchange coupling in Cr/Fe multilayers. These calculations
show that critical spanning vectors across Meentered ellipsoids of the Cr Fermi surface cause the long-
period coupling for(001), (110, and(211) interfaces. The periods of these spanning vectors, when extracted
from the experimental Fermi surface, agree with experimentally measured p¢86d63-182806)07544-3

[. INTRODUCTION descriptions that are not purely semantic. One such differ-
ence is that when Cr is in its antiferromagnetic state, a gap
Fe/Cr multilayers were the first systems to exhibit ex-opens at the Fermi level, and parts of the Fermi surface dis-
change coupling,giant magnetoresistanéegscillatory ex- —appear. As a consequence, there are anomalies in the trans-
change coupling, and short-period oscillatory exchange Port properties as the temperature is raised or lowered
coupling®~®In spite of this early start and a large amount of through the Nel temperature. While such anomalies have
theoretical and experimental effoft& there are still many not been found for samples showing short-period oscillations
aspects of these systems that are unknown. In this paperin the coupling, measuremettsndicate that in some, but
focus on the oscillatory exchange coupling, and in particulafot necessarily all, of the samples in which the long-period
on the long-period component. oscillation is observed, the Cr is not antiferromagnetic.
For (001)-oriented films, at least two oscillatory coupling ~ Films grown with a(211) orientation also exhibit a long-
periods are observédWhen the films are grown by sputter- Period oscillation in the exchange couplifi].8 nm, which
ing, or at low temperatures, the coup”ng oscillates with aiS the same as that found for the simi{@01)-oriented films.
long period, of approximately 12 ML. When the multilayer is In addition, polycrystalline films with 4110 texture also
grown at elevated temperatures on high quality substrate§how the same long-periddrhe common long-period for all
the oscillatory coupling has a short period of approximatelythree orientations suggests that there may be a common ori-
2.1 ML. Whether or not the short-period oscillations are ob-gin to coupling in all three cases. A long-period oscillation is
served depends on the roughness of the interfaces. If trso found in all calculations that include the Cr Fermi sur-
interfaces are rough on a lateral length scale much shortéfce, whether they be Ruderman-Kittel-Kasoya-Yosida
than the |ength over which the Fe |ayer5 can Change magnéﬁ'CU'&tiOﬂg',o or calculations based on the Iocal-density
tization direction, the interlayer coupling is frustrated in approximation:**"In spite of all this work, the origin of the
some regions. The coupling over large regions becomes tHeng-period oscillation has not been definitively identified.
average of the coupling for several thicknesses. As a result, In Sec. Il of this paper, | present calculations of the prob-
the short-period oscillation is weakened much more than thabilities for electrons at the Fermi surface of Cr to reflect
long-period oscillatiot’® Comparing roughness measure- from Cr/Fe interfaces. These reflection probabilities are used
ments by Scanning tunne"ng microscapwith coup"ng in Sec. Il to compute the Strength of the oscillatory ex-
measurements for different growth temperatures bears o@hange coupling associated with critical spanning vectors of
this expectation. the Cr Fermi surface. The results show that for all three
It is genera”y accepted that Short_period Osci"atory Coujnterface orientations the Iong-period oscillation is due to
pling arises from the “nested” parts of the Cr Fermi surfacectitical spanning vectors of the Cr Fermi surface across the
(see the spanning vectors labeled™in Fig. 1). “Nested” ellipsoids centered at thid point of the Brillouin zongfor
refers to regions of the Fermi surface that are parallel to eactose responsible for the coupling(@01)-oriented multilay-
other over an extended area in reciprocal sgadéis nest-  €rs, see the spanning vectors labeled “C” in Fid. The
ing produces the Spin-density-wa\/e antiferromagnetisnﬁlﬁ'CU'ations are then used to discuss the other proposed mod-
found in bulk Cr, which has a & temperature of about els for the long-period oscillations in Sec. IV. The results are
room temperature. The nested parts of the Fermi surface ag®0d agreement with the results of Tsetseris, Lee, and
also believed to cause the strong short-period oscillation ifthand® who reached the same conclusions based on similar
the exchange coupling, although the best description of thisalculations using a tight-binding description of the band
coupling is not known. One description is that the Cr is an-Structures.
tiferromagnetic, possibly stabilized in this state by the pres-
ence of Fe. Another description is that C_r respond_s paramag- Il REELECTION PROBABILITIES
netically to the presence of the Fe. In this description, the Fe
excites a spin-density wave in Cr that is dominated by the Spin-dependent reflection probabilities facilitate the un-
response of the nested regions of the Fermi surface. In fact, dterstanding of many properties of magnetic multilayérs.
can be quite difficult to find differences between the twoFor example, the electronic states of arbitrary multilayers,
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FIG. 1. Slice through Cr Fermi surface for an interface in the 20 0 20 20 0 20 O 1

(00D direction. The parts of the Fermi surface with states moving
toward(away fron) the interface are shown as solidashed lines.
Spanning vectors associated with several parts of the surface are
shown as arrows and labeled. Spanning vectors in the nesting re-
gion are labeled\, a spanning vector close to the lens is labeled
B, and the critical spanning vectors of thecentered ellipsoid are
labeledC.

>
including superlattices, can be constructed from the bulk i’
band structures and the reflection amplitudes, provided the 5
interfaces are not too close togetR®iSuch states include
guantum-well states that can be observed in photoemission

experiment&:??in systems with a thin layer on a substrate, Cr Fe Minority

when there is strong reflection from the interfaces. Reflection <10 b - ! . A 1 b sy 1
from interfaces can have a strong impact on transport in 20 0 20 20 0 20 O 1
magnetic multilayers, giving a resistance for perpendicular Kooy (M) Koy, (nM7) R

transport and a channeling effect for parallel transport. Fi-

nally the spin-dependent reflection amplitudes determine the riG. 2. Spin-dependent reflection probabilities for Cr electrons
strength of the oscillatory exchange coupling. In Sec. lll, It I from Cr/Fe interfaces. The two left panels show tsin-
use the spin-dependent reflection amplitudes at certain critingependentband energies for Cr. The two middle panels show the
cal points on the Fermi surface to determine the strength anghnd energies for the majorityop) and minority (bottom for Fe.
origin of the oscillatory exchange coupling. The two right columns show the reflection probabilign the x

The reflection probabilities are found by computing theaxis) for each of the Cr states from the majoritpp) and minority
time-independent scattering states for a system with a singl@ottom spin systems of the Fe. Different line types are used for
interface between semi-infinite Cr and Fe. The interfaces arthe different symmetries of the states.
assumed to be defect free and coherent; that is, both materi-
als have the same in-plane lattice constant. Thus the momeftants of Cr. The Fe is ferromagnetic and the Cr is paramag-
tum parallel to the interface is conserved during transmissiofietic. Although the magnetic state of Cr next to Fe as a
and reflection. The calculatiéh of the time-independent function of temperature is not known, measuremérgsow
scattering states starts by breaking space up into layers. Ttiat, for some samples at least, the long-period oscillation is
potential is computed for each layer from a bulk electronicfound in multilayers in which the Cr igotin the antiferro-
structure calculation(a linearized-augmented-plane-wave magnetic state. Thus the origin of the long-period oscillation
implementation of the local-spin-density approximation should not depend on the presence of antiferromagnetic or-
Generalized Bloch states for a layer are computed from théer.
potential in the layer. The electron scattering states are con- In the ferromagnetic state of Fe, approximately one elec-
structed by matching the generalized Bloch states for the twfon is transferred from the minority-spin system to the
materials across the interface. The boundary conditions fomajority-spin system. Roughly speaking, this leads to a shift
the scattering states, applied far from the interface, are th&f the d bands relative to each other for each spin. The mi-
there be a single incident bulk Bloch state and possibly sewvRority band structure becomes very similar to the band struc-
eral reflected and transmitted bulk Bloch states. The ampliture of the material two places to the left in the Periodic
tudes of the reflected and transmitted states give the refled-able, which happens to be Cr. This effect is illustrated in
tion and transmission amplitudes directly. Fig. 2, which shows the band structures of Cr and Fe along

In these calculations, both Fe and Cr are in the bodythe A line in the bulk Brillouin zone.
centered-cubic structure using the bulk Fe lattice constant for For (001) interfaces, one\ line projects onto the zone
both materials. No significant differences are found in calcucenterl’. Figure 2 shows the probability for each state along
lations for (00D-oriented interfaces using body-centered-this line in Cr to reflect from the interface with Fe, depend-
tetragonal Cr, in which the tetragonal distortion is based oring on the spin of the electron. These results illustrate gen-
the in-plane lattice constant of Fe and the bulk elastic coneral features of reflection probabilities. First, only states that
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FIG. 3. Spin-dependent reflection probabilities for Cr Fermi-surface electrons from Cr/Fe interfaces. The reflection probabilities are

shown for various points on the Fermi surface projected onto the interface Brillouin zones. The color scale for the reflection probability is
at the right. The togbottom panels show the probabilities for Cr electrons to reflect from the maj@minority) states. The Cr Fermi

surface has several sheets, each of which is only shown in a fraction of the Brillouin zone, as otherwise, the sheets would overlap each other.
Red circles indicate the location of critical spanning vectors that give rise to strong long-period oscillations, as given in Table II.
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6 8 10 FIG. 5. State-to-state reflection probabilities for Cr electrons
Kygo (NM) from Cr/Fe interfaces. The left and right panels shows the period
FIG. 4. State-to-state reflection probabilities for selected Crassociated with each spanning vector. In addition, the periods are
electrons from Fe layers of finite thicknes$ layers, embedded in  plotted with a color scaléshown at the topthat gives the prob-
bulk Cr. The bottom panel shows the reflection probabilities bothabilities for the two states to reflect into each other when reflecting
for the states along\ associated with the nesting of the Fermi from Cr/Fe interfaces. The leftight) panel gives these results for
surface, and for the states at thecentered ellipsoids. The top the majority (minority) spins. Regions that contain the results for
panel shows the same results for just a two-layer-thick Fe film andhe spanning vectors indicated on the Fermi surface in Fig. 1 are
bulk Fe. circled and labeled.
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TABLE I. Reflection probabilities averaged over the Fermi sur- coupling strength depends on the spin-dependent reflection

face for majority,T, and minority, |, electrons. amplitudes at these critical points on the Fermi surfacé.

In Sec. Il, the reflection probabilities were computed for two

Cr— Fe, Fe —Cr Cr—Fe Fe — Cr  semi-infinite layers. These results can be used to investigate

the coupling strength for two semi-infinite Fe layers sur-

Cr/F€001 0.42 0.18 0.64 0.59 ) Y . . .
€003 rounding a finite Cr slab, provided the Cr slab is not too thin.
Cr/Fg110 0.41 0.16 0.52 0.61 . .
For large Cr thicknesses, the coupling becomes a sum of
Cr/lFg21)) 0.41 0.18 0.41 0.61 oo - . .
contributions that oscillate as a function of thickness,
. . Je
have the same symmetry with respect to the interface can Jd)=2, ?sm(qidJr %), (1)

couple to each other. Thé01) interface has four mirror
planes and a fourfold rotation axis, so that, at the zone cer{(

ter, there are five different possible symmetries for band : . . . .
ermi surface. The critical points are certain points on the

derived froms, p, andd states. States of different symme- Fermi surf here t heet llel t h other at
tries are shown with different line types. For a state of a ermi surtace where two Sheets are parailel to each otner at a

particular symmetry, the reflection is complete if there are nd'Veh Wave vector parallel o the interface. In addition, the
states with the same symmetry in the other material. ComState on one sheet must be moving toward the interface, and

plete reflection is found in the vertical line segments in Fig.that on the other must be moving away from it. Analyses of

2. Second, as a function of energy, the reflection probability}he .Cr Fgrml ;urface, as _c'alculated n the local-density ap-
decreases from 1 as the square root of the energy relative pyoximation, find many .Cr'“ca'gggg‘””'”g vectors due to the
each threshold. These thresholds occur at band extrema f§pmplexny of the Fermi sqrfa - The coupling strength
states of a particular symmetry. In Fig. 2, each time the relo’ each of these contributions is of the form

flection probability decreases from 1, it does so with square- o o a

root behavior as a function of energy. Finally, these results _sin(qadJrqba):ﬁvLK IM[Ar2Ar %ei9ideix] ()
show that, for materials that are as similar as these, away d* + 4m*d* ATTE ’

from such thresholds the reflection probabilities are small. h «is th t of the effecti loGity i
For the states near the Fermi level, the reflection is weald/ '€€v 1 1S the component of the efiective group velocity In

for minority electrons, because there are states of the sanj® Interface d|recf;t|or_u<“ is the radius of curvature of the
symmetry, but strong for the majority electrons, becausd €Mi surfaceAr g, is the spin difference in the state-to-
there are either no states of the same symmetry, or the statgtte reflection amplitude for the lefight) interface,q is
are close to a threshold. At other parallel wave vectors, th&he critical spanning vector, which determines the period of
symmetry of the states is reduced because symmetry opertpe oscillationL“=2w/qf, x* is a phase from the type of
tions that do not map the wave vector into itself do not applycritical point (maximum, minimum, saddle pointand ¢“ is
to the states. However, vestiges of the symmetry remain, anithe resulting phaséhe reflection amplitudes are complex.
influence the reflection throughout the interface Brillouin State-to-state reflection refers to the process of reflecting
zone. from one state into another particular state, the two states
For three interface orientations, Fig. 3 shows the reflecbeing Fermi-surface states at the critical point. When the
tion probability of Fermi-surface electrons in the entire inter-coupling strengths are computed for each of the critical span-
face Brillouin zone. For minority electrons, the reflection is ning vectors, most of them are found to be quite weak.
weak for most of the electrons, because the Fe minority In regions where the sheets of the Fermi surface are par-
Fermi surface is very similar to that of Cr. However, the allel over an extended part of the Fermi surface, not just at a
Fermi surfaces are of slightly different sizes, so some elecpoint, the behavior is more complicated. This is the case for
trons reflect completely. The averages over the Fermi suthe “nested” region of the Cr Fermi surface that causes the
face, in Table I, show that this behavior is only weakly de-short-period coupling. Here, the coupling is expected to de-
pendent on the interface orientation. For the majoritycrease like I, and the strength cannot be simply related to
electrons, the reflection is much more complicated, and dethe spin-dependent reflection at one critical point.
pends more strongly on interface orientation. The symme- To find the origin of the long-period oscillatory coupling
tries of the states on the Fermi surfaces are not as wefbr these three orientations, | carried out a systematic search
matched between the majority states of Fe and the states of the Fermi surface for all of the critical spanning vectofrs.
Cr. Thus, for interfaces of higher symmetry, the reflectionThen, to determine the origin of the long-period oscillation, |
tends to be larger. TH@®01) interface has a fourfold axis and computed the coupling strength for each of the critical points
four mirror planes, th€110) interface has a twofold axis and that had a period of greater than 0.9 nm. The results for
two mirror planes, and th@11) interface has a single mirror critical points with substantial amplitude are given in Table
plane. Il. The location of these critical spanning vectors on the
Fermi surface is shown in Fig. 3. For each orientation the
strongest long-period oscillation is associated with the ellip-
soids centered at thé point of the bulk Brillouin zone. For
Most analyses of long-period oscillatory coupling relatethe (001) interface, this critical point is the only one with
the origin of the coupling to critical spanning vectors of the significant strength.
Cr Fermi surfaces, as is suggested by general models of os- The periods found in this calculation differ significantly
cillatory exchange coupling?® The oscillatory exchange from the experimentally measured periods. However, this

ere the sum ovedt is the sum over all critical points of the

Ill. OSCILLATORY EXCHANGE COUPLING
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disagreement is due to inaccuracies of the local-density ap- TABLE II. Long-period contributions to the oscillatory ex-
proximation. For thé\-centered ellipsoids, de Haas—van Al- change coupling. The position in the interface Brillouin zone is
phen measuremeﬁfgg give an accurate determination of given byk, and ky. The periods are calculated within the local-
that part of the Fermi surface. Using these measurements fgnsity approximation(LDA), and for contributions from the
predict the periods for each of the critical points, as is showr\-centered ellipsoids, from fits to de Haas—van AlpHehivA)

in Table I, the results are in good agreement with the meameasurements of the Fermi surface. The coupling strendthare
sured periods for all three orientations. These same inacc@ven as in Eq(2).

racies will affect the calculated coupling strengths, as is th?

case in all calculations based on the local-density approxi-merface
mation. However, they should not affect the qualitative con-
clusion that origin of the long-period coupling is coupling

Ky ky Period Period J%/(1.0 nmY
LDA dHvVA
(mm™Y mm™YH  (m  (hm) (mJ/n?)

across theN-centered ellipsoids. In all cases of strong cou-cyrg100  10.96 0.00 128 1.597 5.7
pling for the N-centered ellipsoids, the strong reflection re-cyrg1109  0.00 1550 1.47 1.816 3.2
sults from the symmetries of the states. 0.00 6.79 0.97 0.72

Koelling?® makes an additional argument for why the 989 000 094 0.91
N-centered ellipsoids could be responsible for the CO”p””QCr/lez) 12'_66 7'_75 1129 1.689 ;3.0
Most of the Cr Fermi surface consists of states that have 556 6.73 115 28
predominantlyd character. However, the states at the ellip- 0:00 0:00 1:05 0.58

soids have a substantial amountssp character. He argues
that thiss-p character makes these states less susceptible to

defect scattering, as compared to states with pucharac- A possible reason for the discrepancy between the models
ter. Thus the strength of oscillatory coupling associated withthat correctly describe the experiment and the supercell cal-
these parts of the Fermi surface is likely to be less reducedulations is that the supercell calculations used Fe layers that
by defect scattering compared to those associated with othgfere only two atomic layers thick. | find that the thinness of
parts of the Fermi surface. the Fe layerslecreaseghe strength of the coupling due to
The calculated coupling strengths are much larger thaghe N-centered ellipsoids by a factor of 4, amtreaseghat

values that have been measuf&d? This difference is not due to the aliasing of the second harmonic of the short
surprising, because interface roughness decreases the C@ériod, also by a factor of 4. The coupling strengths change
pling strength of the long-period coupling as well as that ofpecause the probability for Cr electrons to reflect from a
the short period, although by a different mechanism than thainite thickness Fe layer embedded in bulk Cr depends on the
discussed in Sec. |. Diffuse scattering at the interfaces retickness of the Fe. This dependence is illustrated in Fig. 4,
duces the coherent reflection amplitude, reducing the couyhich shows the reflection probability for the relevant states
pling strength as in Eq2). Even the best Fe/Cr interfaces for various thicknesses of Fe. These reflection probabilities
have a significant amount of interdiffusidfiwithout know-  are not the total reflection probabilities, but the probabilities
ing the detailed structure of the interfaces, and the scattering reflect from a particular state into another particular state.

cross sections for interface defects, it is impossible to quanTpe states chosen are the nested states alony time and
tify the reduction in the coupling strength due to roughnessihe spanning vectors across thecentered ellipsoid. Figure

4 shows that the reflection probabilities of the electrons at
IV. DISCUSSION the critical point of the!\l-centered ellipsoids are reduced by
a factor of 4 for reflection from two layers of Fe compared to
There have been several other proposed explanations ftnat of bulk Fe. On the other hand, the reflection for the
the origin of the long-period oscillatory coupling. These re-electrons from the “nested” regions of the Fermi surface is
late the origin of the coupling to other critical spanning vec-increased by a factor of 2. Since the strength of the coupling
tors of the Cr Fermi surfaces. One interesting suggestion idue to the second harmonic of the short-period oscillation is
that the long-period oscillation for tH@01)-oriented films is  proportional to the square of this reflection probability, the
due to aliasing of the second harmonic of the short-periodtrength of the coupling in the supercell calculation due to
oscillation®3! Others suggested that the important criticalthis mechanism is increased by a factor of 4, while the
spanning vectors are associated with the “lens” of the Fermistrength of the coupling due to thé-centered ellipsoids is
surface?”?® Another suggestion is that the long-period is duereduced by a factor of 4. This change in relative strength by
to a zone center spanning vector that is aliased by the anta factor of 16 gives a plausible explanation for the discrep-
ferromagnetic order in the Cf. ancy between experiment and the supercell calculation.
van Schilfgaarde and Harrisdnhave proposed that the The changes in reflection from finite thickness Fe layers
long-period oscillation is due to the aliasing of the secondare due to two different mechanisms as is illustrated in Fig.
harmonic of the short-period oscillation. This model makes4. The states on thi-centered ellipsoid reflect completely
the strong prediction that there is a definite relationship befrom an interface with bulk Fe, because there are no states in
tween the period of the two oscillations, =Lg/(2—Lg).  the Fe with the same symmetry. Only a fraction, 0.7, is re-
This predicted relationship appears to accurately describe théected into the other side of the ellipsoid, while the rest is
results of supercell calculations by vna Schilfgaaeti@l!®  reflected into the jack and the other ellipsoid that projects to
However, it does not accurately describe experiment; it ighe same parallel wave vector. On the other hand, if the Fe
inconsistent with the measured peridds, =12+1 ML and  layer has a finite thickness, electrons can tunnel through the
Ls=2.105-0.005 ML. Fe, reducing the reflection probability. The reflection mono-
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tonically increases as the thickness of the Fe is increasedtructure. Because the geometrical weights are small, they
The Fe thickness dependence for the “nested” electrons ifound that the coupling due to the lens is quite small, as
much more complicated. Here there are states of the sanmexpected.

symmetry in the Fe, and the reflection is not complete even Recent photoemission experiméedtpurported to support
from bulk Fe. When the Fe layer has a finite thickness, ther¢he lens as the origin of the long-period oscillation. In a Cr
is multiple scattering from the two interfaces, giving a com-overlayer on an Fe whisker substrate, ¢fial. observed
plicated interference pattern. For very thin Fe layers, thigjuantum-well states at the Fermi energy at a place in recip-
interference happens to increase the reflection probabilityocal space near the lens. As they varied the thickness of the
Thus, if the Fe layers can be grown thinly enough, and haveverlayer, the states appeared at the Fermi level with a peri-
both interfaces that are smooth enough, the coupling strengitdicity consistent with the period of the coupling observed in
of the long-period oscillation should depend on the Fe layeother experiments. While the existence of quantum well
thickness. The coupling due to ti-center ellipsoids will  states is a necessary condition for long-range oscillatory cou-
not change much except for the thinnest layers, but for thesgling, it is not a sufficient one. It is necessary to establish
layers, the mechanism for the coupling might change to théhat quantum-well states are at a critical point, which was not
aliasing of the second harmonic of the short-perfodless, done in this experiment. In addition, to establish the origin of
of course, the Cr becomes antiferromagnetic under thesge long-period oscillation, it is necessary not only to show

conditions. that it can be coming from one part of the Brillouin zone, but
Fe/Cr superlattices grown with fixed Cr thickness showthat it cannot be coming from other parts.
oscillatory properties as a function of Fe thickn&ghese Figure 1 shows the Cr Fermi surface and highlights the

oscillations are indicative of oscillations in the exchangespanning vectors relevant to this experimentetial?? ob-
coupling that can arise from the type of interference foundserved quantum-well states in the “nested” region, denoted
for the nested spanning vectors. The Cr thickness depety A, and in the jack near the lens, denotedBayThe results
dence of the coupling was not measured for these samplesf the present paper suggest that the coupling is due to the
so it is not known whether these oscillations are caused bj-centered ellipsoids, denoted Ify. Figure 5 shows the
the thickness dependence of the long-period oscillation, ostate-to-state reflection probability and the period associated
whether there is some remnant of the short-period oscillatiomvith all spanning vectors in Fig. 1. The spanning vectors
that has not been eliminated by the roughness of the intefabeled on the Fermi surface are circled in these panels.
faces. If the short-period oscillation can be described by thetrong reflection is found for the states in regiBnwhere
response of paramagnetic Cr, it would be expected to showuantum-well states are found in the photoemission experi-
strong oscillations with Fe thickness, based on the thicknessent, but at the critical points, the reflection becomes quite
dependence of the reflection probability. weak. Critical points occur wherever the period is constant as
Other proposals for the origin of the long-period oscilla-a function of parallel wave vector. These quantum-well
tion are spanning vectors associated with the lens feature gtates should exist for both majority and minority electrons.
the Fermi surface. The “lens” is a feature of the Cr Fermi The phases of the reflection are sufficiently different for the
surface that arises from the overlap of the octahedral featurgifferent spins, so that the quantum-well states in a Cr layer
at the center of the Brillouin zone and the “knob” feature surrounded by Fe should be almost completely out of phase
near the middle of thé line (the feature associated by re- with respect to each other. When one Cr/Fe interface is re-
gion B in Fig. 1. The resulting feature is centered at placed by vacuum, this phase relationship will change.
Kigo=7nm * and kKop;=0 nmi ! in Fig. 1. In the plane Quantum-well states are also seen experimentally at the
shown in Fig. 1, the top and bottom of the lens have differenFermi energy in regioi\. The observation of these states at
symmetries, and hence meet at points. When spin-orbit coithe Fermi energy suggests that the Cr is not antiferromag-
pling is included, these points become rounded. This regiometic, because these states are the part of the Fermi surface
of the Fermi surface is of interest because in calculations othat disappears when Cr becomes antiferromagnetic.
the Cr Fermi surface, based on the local-density approxima- Another proposed origin of the long-period oscillation is
tion, the critical spanning vectors in this region have thebased on the analysis of electronic structure calculations for
periods closest to the experimentally measured péfidtin ~ Cr embedded between two semi-infinite layers of Fe. Mirbt
the absence of spin-orbit coupling, the critical spanning vecet al'® computed the coupling as a function of spacer thick-
tor is between states, with different symmetfyThe reflec- ness, and analyzed their results by fitting to a sum of 4 os-
tion probability, and hence coupling as in E&) between cillatory terms. They attributed the long-period they ex-
these two states, is strictly zero by symmetry. With spin-orbittracted to a spanning vector at the center of the interface
coupling, the critical spanning vector is between states at thBrillouin zone. While | find coupling from several spanning
rounded tips of the ler® While | have not computed the vectors at the zone center, these spanning vectors all give
coupling associated with this spanning vector, it is likely toshort-periods, and have coupling strengths at least a factor of
be quite weak because the radius of curvature at the th® weaker than that found for thid-centered ellipsoids. In
critical point k, will be small due to the weakness of spin- this calculation, the periods are 0.24, 0.40, and 0.51 nm.
orbit coupling for first-row transition metals. In local density Mirbt et al. invoked a doubling of the unit cell in the inter-
approximation calucations with spin-orbit coupling, face direction due to the antiferromagnetic state. With the
Koelling®® found small geometrical weights;v ¢ ¢ for all longer unit cell, the 0.51 nm period is aliased to 1.67 (ifm
critical spanning in this region. Tsetseris, Lee, and Ch&ng the present calculationHowever, the only experimental evi-
computed the coupling strength as is done here, but includedence available suggests that Cmist in an antiferromag-
spin-orbit coupling in a tight-binding model of the band netic state when the long-period oscillation is obsertfdd.
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addition, the coupling is measured with each additionalFe/Cr multilayers is due to spanning vectors across the
atomic layer, not with each additional doubled unit cell. ThisN-centered ellipsoids in the Cr Fermi surface. This conclu-
implies that the long-period found in the calculation has asion holds for multilayers grown in th€d01), (110, and
different origin. The long-period found in the fit to the cal- (211) orientations. The measured periods disagree with those
culation could be due to the critical spanning vector acrosshat are calculated using the local-density approximation, but
the N-centered ellipsoid. A possible explanation for any dis-agree with the periods extracted from the experimental Fermi
crepancy between the extracted period and this spanning vestrfaces.
tor could be the susceptibility of the fit to the existence of
many local minima.
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