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Abstract

First-principles calculations of the reflection probabilities for Fermi surface

electrons at Cr/Fe interfaces are used to compute the strength of the oscil-

latory exchange coupling in Cr/Fe multilayers. These calculations show that

critical spanning vectors across the N -centered ellipsoids of the Cr Fermi sur-

face 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 periods.
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I. INTRODUCTION

Fe/Cr multilayers were the first systems to exhibit exchange coupling,1 giant

magnetoresistance,2 oscillatory exchange coupling,3 and short period oscillatory exchange

coupling.4–6 In spite of this early start and a large amount of theoretical and experimental

efforts,7,8 there are still many aspects of these systems that are unknown. In this paper I

focus on the oscillatory exchange coupling, and in particular the long period component.

For (001)-oriented films, at least two oscillatory coupling periods are observed.9 When

the films are grown by sputtering, or at low temperatures, the coupling oscillates with a

long period, of approximately 12 monolayers (ML). When the multilayer is grown at ele-

vated temperatures on high quality substrates, the oscillatory coupling has a short period,

of approximately 2.1 ML. Whether or not the short period oscillations are observed depends

on the roughness of the interfaces. If the interfaces are rough on a lateral length scale much

shorter than the length over which the Fe layers can change magnetization direction, the

interlayer coupling is frustrated in some regions. The coupling over large regions becomes

the average of the coupling for several thicknesses. As a result, the short period oscillation

is weakened much more than the long period oscillation.10 Comparing roughness measure-

ments by scanning tunneling microscopy9 with coupling measurements for different growth

temperatures bears out this expectation.

It is generally accepted that the short period oscillatory coupling arises from the “nested”

parts of the Cr Fermi surface (see the spanning vectors labeled “A” in Fig. 1). “Nested”

refers to regions of the Fermi surface that are parallel to each other over an extended area in

reciprocal space.11 This nesting produces the spin density wave antiferromagnetism found in

bulk Cr, which has a Néel temperature of about room temperature. The nested parts of the

Fermi surface are also believed to cause the strong short period oscillation in the exchange

coupling, although, the best description of this coupling is not known. One description is

that the Cr is antiferromagnetic, possibly stabilized in this state by the presence of the Fe.

Another description is that Cr responds paramagnetically to the presence of the Fe. In this
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FIG. 1. Slice through Cr Fermi surface for an interface in (001) direction. The parts of the

Fermi surface with states moving toward (away from) the interface are shown as solid (dashed)

lines. Spanning vectors associated with several parts of the surface are shown as arrows and labeled.

description, the Fe excites a spin density wave in Cr that is dominated by the response of

the nested regions of the Fermi surface. In fact, it can be quite difficult to find differences

between the two descriptions that are not purely semantic. One such difference is that when

Cr is in its antiferromagnetic state, a gap opens at the Fermi level, and parts of the Fermi

surface disappear. As a consequence, there are anomalies in transport properties as the

temperature is raised or lowered through the Néel temperature. While such anomalies have

not been found for samples showing short period oscillations in the coupling, measurements12

indicate that in some, but not necessarily all, of the samples in which the long period

oscillation is observed, the Cr is not antiferromagnetic.

Films grown with a (211) orientation also exhibit a long period oscillation in the exchange

coupling,13 1.8 nm, which is the same as that found for the similar (001)-oriented films. In

addition, polycrystalline films with a (110) texture also show the same long period.3 The

common long period for all three orientations suggests that there may be a common origin
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to coupling in all three cases. A long period oscillation is also found in all calculations that

include the Cr Fermi surface, whether they be RKKY calculations10, or calculations based

on the local density approximation.14–17 In spite of all this work, the origin of the long period

oscillation has not been definitively identified.

In Section II of this paper, I present calculations of the probabilities for electrons at

the Fermi surface of Cr to reflect from Cr/Fe interfaces. These reflection probabilities are

used in Section III to compute the strength of the oscillatory exchange coupling associated

with critical spanning vectors of the Cr Fermi surface. The results show that for all three

interface orientations the long period oscillation is due to critical spanning vectors of the Cr

Fermi surface across the ellipsoids centered at the N-point of the Brillouin zone (for those

responsible for the coupling in (001)-oriented multilayers, see the spanning vectors labeled

“C” in Fig. 1). The calculations are then used to discuss the other proposed models for the

long period oscillations in Section IV.

II. REFLECTION PROBABILITIES

Spin-dependent reflection probabilities facilitate the understanding of many properties

of magnetic multilayers.18 For example, the electronic states of arbitrary multilayers, in-

cluding superlattices, can be constructed from the bulk band structures and the reflection

amplitudes, provided the interfaces are not too close together.19 Such states include the

quantum well states that can be observed in photoemission experiments20,21 in systems with

a thin layer on a substrate, when there is strong reflection from the interfaces. Reflection

from interfaces can have a strong impact on transport in magnetic multilayers, giving a

resistance for perpendicular transport and a channeling effect for parallel transport. Finally

the spin-dependent reflection amplitudes determine the strength of the oscillatory exchange

coupling. In Section III, I use the spin-dependent reflection amplitudes at certain critical

points on the Fermi surface to determine the strength and origin of the oscillatory exchange

coupling.
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The reflection probabilities are found by computing the time-independent scattering

states for a system with a single interface between semi-infinite Cr and Fe. The interfaces

are assumed to be defect-free and coherent, that is, both materials have the same in-plane

lattice constant. Thus, the momentum parallel to the interface is conserved during trans-

mission and reflection. The calculation22 of the time-independent scattering states starts

by breaking space up into layers. The potential is computed for each layer from a bulk

electronic structure calculation (a linearized-augmented-plane-wave implementation of the

local spin-density approximation). Generalized Bloch states for a layer are computed from

the potential in the layer. The electron scattering states are constructed by matching the

generalized Bloch states for the two materials across the interface. The boundary condi-

tions for the scattering states, applied far from the interface, are that there be a single

incident bulk Bloch state and possibly several reflected and transmitted bulk Bloch states.

The amplitudes of the reflected and transmitted states give the reflection and transmission

amplitudes directly.

In these calculations, both Fe and Cr are in the body-centered cubic structure using

the bulk Fe lattice constant for both materials. No significant differences are found in

calculations for (001)-oriented interfaces using body centered tetragonal Cr, in which the

tetragonal distortion is based on the in-plane lattice constant of Fe and the bulk elastic

constants of Cr. The Fe is ferromagnetic and the Cr is paramagnetic. Although the magnetic

state of Cr next to Fe as a function of temperature is not known, measurements12 show that

for some samples at least, the long period oscillation is found in multilayers in which the Cr

is not in the antiferromagnetic state. Thus, the origin of the long period oscillation should

not depend on the presence of antiferromagnetic order.

In the ferromagnetic state of Fe, approximately one electron is transferred from the

minority spin system to the majority spin system. Roughly speaking, this leads to a shift

of the d-bands relative to each other for each spin. The minority band structure becomes

very similar to the band structure of the material two places to the left in the periodic table,

which happens to be Cr. This effect is illustrated in Fig. 2, which shows the band structures
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FIG. 2. Spin-dependent reflection probabilities for Cr electrons at Γ̄ from Cr/Fe interfaces. The

two left panels show the (spin-independent) band energies for Cr. The two middle panels show

the band energies for the majority (top) and minority (bottom) for Fe. The two right columns

show the reflection probability (on the x-axis) for each of the Cr states from the majority (top) and

minority (bottom) spin systems of the Fe. Different line types are used for the different symmetries

of the states.
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of Cr and Fe along the ∆ line in the bulk Brillouin zone.

For (001) interfaces, one ∆ line projects onto the zone center Γ̄. Figure 2 shows the

probability for each state along this line in Cr to reflect from the interface with Fe, depending

on the spin of the electron. These results illustrate general features of reflection probabilities.

First, only states that have the same symmetry with respect to the interface can couple to

each other. The (001) interface has four mirror planes and a fourfold rotation axis, so that

at the zone center, there are five different possible symmetries for bands derived from s,

p, and d-states. States of different symmetries are shown with different line types. For a

state of a particular symmetry, reflection is complete if there are no states with the same

symmetry in the other material. Complete reflection is found in the vertical line segments

in Fig. 2. Second, as a function of energy, the reflection probability decreases from one as

the square root of the energy relative to each threshold. These thresholds occur at band

extrema for states of a particular symmetry. In Fig. 2, each time the reflection probability

decreases from one, it does so with square root behavior as a function of energy. Finally,

these results show that, for materials that are as similar as these, away from such thresholds

the reflection probabilities are small.

For the states near the Fermi level, the reflection is weak for minority electrons, because

there are states of the same symmetry, but strong for the majority electrons, because there

are either no states of the same symmetry, or the states are close to a threshold. At other

parallel wave vectors, the symmetry of the states is reduced because symmetry operations

that do not map the wave vector into itself do not apply to the states. However, vestiges of

the symmetry remain, and influence the reflection throughout the interface Brillouin zone.

For three interface orientations, Fig. 3 shows the reflection probability of Fermi surface

electrons in the entire interface Brillouin zone. For the minority electrons, the reflection

is weak for most of the electrons, because the Fe minority Fermi surface is very similar to

that of Cr. However, the Fermi surfaces are slightly different sizes, so some electrons reflect

completely. The averages over the Fermi surface, in Table I, show that this behavior is only

weakly dependent on interface orientation. For the majority electrons, the reflection is much
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FIG. 3. Spin-dependent reflection probabilities for Cr Fermi surface electrons from Cr/Fe in-

terfaces. The reflection probabilities are shown for various points on the Fermi surface projected

onto the interface Brillouin zones. The gray scale for the reflection probability is at the top. The

right (left) panels show the probabilities for Cr electrons to reflect from the minority (majority)

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.
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TABLE I. Reflection probabilities averaged over the Fermi surface for majority, ↑, and minority,

↓, electrons.

Cr → Fe↓ Fe↓ → Cr Cr → Fe↑ Fe↑ → Cr

Cr/Fe(001) 0.42 0.18 0.64 0.59

Cr/Fe(110) 0.41 0.16 0.52 0.61

Cr/Fe(211) 0.41 0.18 0.41 0.61

more complicated and depends more strongly on interface orientation. The symmetries of

the states on the Fermi surfaces are not as well matched between the majority states of Fe

and the states of Cr. Thus, for interfaces of higher symmetry, the reflection tends to be

larger. The (001) interface has a fourfold axis and four mirror planes, the (110) interface

has a twofold axis and two mirror planes, and the (211) interface has a single mirror plane.

III. OSCILLATORY EXCHANGE COUPLING

Most analyses of the long period oscillatory coupling relate the origin of the coupling

to critical spanning vectors of the Cr Fermi surfaces, as is suggested by general models of

oscillatory exchange coupling.23,24 The oscillatory exchange coupling strength depends on

the spin-dependent reflection amplitudes at these critical points on the Fermi surface.25,26 In

the previous section, the reflection probabilities were computed for two semi-infinite layers.

These results can be used to investigate the coupling strength for two semi-infinite Fe layers

surrounding a finite Cr slab, provided the Cr slab is not too thin. For large Cr thicknesses,

d, the coupling becomes a sum of contributions that oscillate as a function of thickness

J(d) =
∑
α

Jα

d2
sin (qα⊥d+ φα) . (1)

Here, the sum over α is the sum over all critical points of the Fermi surface. The critical

points are certain points on the Fermi surface where two sheets are parallel to each other

at a given wave vector parallel to the interface. In addition, the state on one sheet must be

moving toward the interface, and that on the other must be moving away from it. Analyses
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of the Cr Fermi surface, as calculated in the local density approximation, find many critical

spanning vectors due to the complexity of the Fermi surface.26,27 The coupling strength for

each of these contributions is of the form

Jα

d2
sin(qα⊥d+ φα) =

h̄vα⊥κ
α

4π2d2
Im

[
∆rαA∆rαBe

iqα⊥deiχ
α
]
, (2)

where vα⊥ is the component of the effective group velocity in the interface direction, κα is the

radius of curvature of the Fermi surface, ∆rαA(B) is the spin difference in the state-to-state

reflection amplitude for the left (right) interface, qα⊥ is the critical spanning vector, which

determines the period of the oscillation, Lα = 2π/qα⊥, χα is a phase from the type of critical

point (maximum, minimum, saddle point), and φα is the resulting phase (The reflection

amplitudes are complex.) State-to-state reflection refers to the process of reflecting from

one state into another particular state, the two states being the Fermi surface states at the

critical point. When the coupling strengths are computed for each of the critical spanning

vectors, most of them are found to be quite weak.

In regions where the sheets of the Fermi surface are parallel over an extended part of

the Fermi surface, not just at a point, the behavior is more complicated. This is the case

for the “nested” region of the Cr Fermi surface that causes the short period coupling. Here,

the coupling is expected to decrease like 1/d, and the strength cannot be simply related to

the spin-dependent reflection at one critical point.

To find the origin of the long period oscillatory coupling for these three orientations,

I have carried out a systematic search of the Fermi surface for all of the critical spanning

vectors.26 Then, to determine the origin of the long period oscillation, I computed the

coupling strength for each of the critical points that had a period of greater than 0.9 nm.

The results for critical points with substantial amplitude are given in Table II. For each

orientation the strongest long period oscillation is associated with the ellipsoids centered at

the N-point of the bulk Brillouin zone. For the (001) interface, this critical point is the only

one with significant strength.

The periods found in this calculation differ significantly from the experimentally mea-
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TABLE II. Long period contributions to the oscillatory exchange coupling. The position in

the interface Brillouin zone is given by kx and ky. The periods are calculated within the local

density approximation (LDA), and for contributions from the N -centered ellipsoids, from fits to

de Haas-van Alphen measurements of the Fermi surface. The coupling strengths, Jα are given as

in Eq. 2.

Interface kx ky Period Period Jα/(1.0 nm)2

LDA dHvA

(nm−1) (nm−1) (nm) (nm) (mJ/m2)

Cr/Fe(100) 10.96 0.00 1.28 1.597 5.7

Cr/Fe(110) 0.00 15.50 1.47 1.816 3.2

0.00 6.79 0.97 0.72

9.89 0.00 0.94 0.91

Cr/Fe(112) 12.66 7.75 1.29 1.689 5.0

5.56 6.73 1.15 2.8

0.00 0.00 1.05 0.58
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sured periods. However, this disagreement is due to inaccuracies of the local density ap-

proximation. For the N-centered ellipsoids, de Haas-van Alphen measurements11,28 give an

accurate determination of that part of the Fermi surface. Using these measurements to

predict the periods for each of the critical points, as is shown in Table II, the results are in

good agreement with the measured periods for all three orientations. These same inaccura-

cies will affect the calculated coupling strengths, as is the case in all calculations based on

the local density approximation. However, they should not affect the qualitative conclusion

that origin of the long period coupling is coupling across the N-centered ellipsoids. In all

cases of strong coupling for the N-centered ellipsoids, the strong reflection results from the

symmetries of the states.

Koelling27 makes an additional argument for why the N-centered ellipsoids could be

responsible for the coupling. Most of the Cr Fermi surface consists of states that have

predominantly d-character. However, the states at the ellipsoids have a substantial amount

of s-p character. He argues that this s-p character makes these states less susceptible to defect

scattering, as compared to states with pure d-character. Thus, the strength of oscillatory

coupling associated with these parts of the Fermi surface is likely to be less reduced by defect

scattering compared to those associated with other parts of the Fermi surface.

The calculated coupling strengths are much larger than values that have been

measured.6,8,13 This difference is not surprising because interface roughness decreases the

coupling strength of the long period coupling as well as that of the short period, although

by a different mechanism than that discussed in the Introduction. Diffuse scattering at the

interfaces reduces the coherent reflection amplitude, reducing the coupling strength as in

Eq. 2. Even the best Fe/Cr interfaces have a significant amount of interdiffusion.29 With-

out knowing the detailed structure of the interfaces, and the scattering cross sections for

interface defects it is impossible to quantify the reduction in the coupling strength due to

roughness.
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IV. DISCUSSION

There have been several other proposed explanations for the origin of the long period os-

cillatory coupling. These relate the origin of the coupling to other critical spanning vectors of

the Cr Fermi surfaces. One novel suggestion is that the long period oscillation for the (001)-

oriented films is due to aliasing of the second harmonic of the short period oscillation.15,30

Others have suggested that the important critical spanning vectors are associated with the

“lens” of the Fermi surface.26,27 Another suggestion is that the long period is due to a zone

center spanning vector that is aliased by the antiferromagnetic order in the Cr.17

van Schilfgaarde and Harrison30 have proposed that the long period oscillation is due

to the aliasing of the second harmonic of the short period oscillation. This model makes

the strong prediction that there is a definite relationship between the period of the two

oscillations, LL = LS/(2− LS). The periods have been measured with sufficient accuracy,9

LL = 12± 1 ML and LS = 2.105± 0.005 ML, however, that this model can be ruled out for

the long period measured in this experiment. However, it appears to be an accurate model

for the results found in supercell calculations by van Schilfgaarde et al.15

A possible reason for the discrepancy between the models that correctly describe experi-

ment and the supercell calculations is that the supercell calculations used Fe layers that were

only two atomic layers thick. I find that the thinness of the Fe layers decreases the strength

of the coupling due to the N-centered ellipsoids by a factor of four and increases that due to

the aliasing of the second harmonic of the short period also by a factor of four. The coupling

strengths change because the probability for Cr electrons to reflect from a finite thickness

Fe layer embedded in bulk Cr depends on the thickness of the Fe. This dependence is il-

lustrated in Fig. 4, which shows the reflection probability for the relevant states for various

thicknesses of Fe. These reflection probabilities are not the total reflection probabilities, but

the probabilities to reflect from a particular state into another particular state. The states

chosen are the nested states along the ∆̄ line and the spanning vectors across theN-centered

ellipsoid. Figure 4 shows that the reflection probabilities of the electrons at the critical point
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of the N-centered ellipsoids are reduced by a factor of four for reflection from two layers of

Fe compared to that of bulk Fe. On the other hand, the reflection for the electrons from the

“nested” regions of the Fermi surface is increased by a factor of two. Since the strength of

the coupling due to the second harmonic of the short period oscillation is proportional to the

square of this reflection probability, the strength of the coupling in the supercell calculation

due to this mechanism is increased by a factor of four, while the strength of the coupling due

to the N-centered ellipsoids is reduced by a factor of four. This change in relative strength

by a factor of sixteen gives a plausible explanation for the discrepancy between experiment

and the supercell calculation.

The changes in reflection from finite thickness Fe layers are due to two different mech-

anisms as is illustrated in Fig. 4. The states on the N-centered ellipsoid reflect completely

from an interface with bulk Fe, because there are no states in the Fe with the same sym-

metry. Only a fraction, 0.7, is reflected into the other side of the ellipsoid, while the rest is

reflected into the jack and the other ellipsoid that projects to the same parallel wave vector.

On the other hand, if the Fe layer has a finite thickness, the electrons can tunnel through

the Fe, reducing the reflection probability. The reflection monotonically increases as the

thickness of the Fe is increased. The Fe thickness dependence for the “nested” electrons is

much more complicated. Here, there are states of the same symmetry in the Fe, and the

reflection is not complete even from bulk Fe. When the Fe layer has a finite thickness, there

is multiple scattering from the two interfaces, giving a complicated interference pattern. For

very thin Fe layers, this interference happens to increase the reflection probability. Thus,

if the Fe layers can be grown thinly enough, and have both interfaces smooth enough, the

coupling strength of the long period oscillation should depend on the Fe layer thickness. The

coupling due to the N-center ellipsoids will not change much except for the thinnest layers,

but for these layers, the mechanism for the coupling might change to the aliasing of the

second harmonic of the short period (unless, of course, the Cr becomes antiferromagnetic

under these conditions).

Fe/Cr superlattices grown with fixed Cr thickness show oscillatory properties as a func-

14



0 2 4 6 8 10
k

100
 (nm-1)

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.00.0

R
ef

le
ct

io
n 

P
ro

ba
bi

lit
y

0.0

0.5 N=

N=1

N=2

N=3

N=4

N=5

N=6

N=7

N=8

0 2 4 6 8 10
k

100
 (nm-1)

0.0

0.5

1.0

R
ef

le
ct

io
n 

P
ro

ba
bi

lit
y

"Nesting" spanning vector
N-centered spanning vector

∞

N=2

N= ∞
N=2

N= ∞

FIG. 4. State-to-state reflection probabilities for selected Cr electrons from Fe layers of finite

thickness, N layers, embedded in bulk Cr. The bottom panel shows the reflection probabilities

both for the states along ∆̄ associated with the nesting of the Fermi surface and for the states at

the N-centered ellipsoids. The top panel shows the same results for just a two layer thick Fe film

and bulk Fe.
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tion of Fe thickness.31 These oscillations are indicative of oscillations in the exchange coupling

that can arise from the type of interference found for the nested spanning vectors. The Cr

thickness dependence of the coupling was not measured for these samples, so it is not known

whether these oscillations are caused by the thickness dependence of the long period oscil-

lation, or whether there is some remnant of the short period oscillation that has not been

eliminated by the roughness of the interfaces. If the short period oscillation can be described

by the response of paramagnetic Cr, it would be expected to show strong oscillations with

Fe thickness, based on the thickness dependence of the reflection probability.

Other proposals for the origin of the long period oscillation are spanning vectors asso-

ciated with the lens feature of the Fermi surface. The “lens” is a feature of the Cr Fermi

surface that arises from the overlap of the octahedral feature at the center of the Brillouin

zone and the “knob” feature near the middle of the ∆-line (the feature associated by region

“B” in Fig. 1). The resulting feature is centered at k100 = 7nm−1 and k001 = 0nm−1 in

Fig. 1. In the plane shown in Fig. 1, the top and bottom of the lens have different symme-

tries and hence meet at points. When spin-orbit coupling is included, these points become

rounded. This region of the Fermi surface is of interest because in calculations of the Cr

Fermi surface, based on the local density approximation, the critical spanning vectors in this

region have the periods closest to the experimentally measured period.26,27 In the absence of

spin-orbit coupling, the critical spanning vector is between states with different symmetry.26

The reflection probability, and hence coupling as in Eq. 2 between these two states is strictly

zero by symmetry. With spin-orbit coupling, the critical spanning vector is between states

at the rounded tips of the lens.27 While I have not computed the coupling associated with

this spanning vector, it is likely to be quite weak because the radius of curvature at the

the critical point, κα will be small due to the weakness of spin-orbit coupling for first row

transition metals. With spin-orbit coupling, small geometrical weights,∝ vα⊥κ
α were found

for all critical spanning in this region.27

Recent photoemission experiments21 are purported to support the lens as the origin of

the long period oscillation. In a Cr overlayer on an Fe whisker substrate, the Li et al. observe
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quantum well states at the Fermi energy at a place in reciprocal space near the lens. As they

vary the thickness of the overlayer, the states appear at the Fermi level with a periodicity

consistent with the period of the coupling observed in other experiments. While the existence

of quantum well states is a necessary condition for long range oscillatory coupling, it is not

a sufficient one. It is necessary to establish that the quantum well states are at a critical

point, which was not done in this experiment. In addition, to establish the origin of the long

period oscillation, it is necessary not only to show that it can be coming from one part of

the Brillouin zone, but that it cannot be coming from other parts.

Figure 1 shows the Cr Fermi surface and highlights the spanning vectors relevant to

this experiment. Li et al.21 observe quantum well states in the “nested” region, denoted

by “A,” and in the jack near the lens, denoted by “B.” The results of the present paper

suggest that the coupling is due to theN-centered ellipsoids, denoted by “C.” Figure 5 shows

the state-to-state reflection probability and the period associated with all spanning vectors

in Fig. 1. The spanning vectors labeled on the Fermi surface are circled in these panels.

Strong reflection is found for the states in region “B,” where quantum well states are found

in the photoemission experiment, but at the critical points, the reflection becomes quite

weak. Critical points occur wherever the period is constant as a function of parallel wave

vector. These quantum well states should exist for both majority and minority electrons.

The phases of the reflection are sufficiently different for the different spins, so that the

quantum well states in a Cr layer surrounded by Fe should be almost completely out of

phase with respect to each other. When one Cr/Fe interface is replaced by vacuum, this

phase relationship will change. Quantum well states are also seen experimentally at the

Fermi energy in region “A.” The observation of these states at the Fermi energy suggests

that the Cr is not antiferromagnetic, because these states are the part of the Fermi surface

that disappears when Cr becomes antiferromagnetic.

Another proposed origin of the long period oscillation is based on the analysis of electronic

structure calculations for Cr embedded between two semi-infinite layers of Fe. Mirbt et al.16

compute the coupling as a function of spacer thickness and analyze their results by fitting to
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a sum of four oscillatory terms. They attribute the long period they extract to a spanning

vector at the center of the interface Brillouin zone. While I find coupling from several

spanning vectors at the zone center, these spanning vectors all give short periods, and

have coupling strengths at least a factor of five weaker than that found for the N-centered

ellipsoids. In this calculation, the periods are 0.24 nm, 0.40 nm, and 0.51 nm. Mirbt et

al. invoke a doubling of the unit cell in the interface direction due to the antiferromagnetic

state. With the longer unit cell, the 0.51 nm period gets aliased to 1.67 nm (in the present

calculation). However, the only experimental evidence available suggests that Cr is not in

an antiferromagnetic state when the long period oscillation is observed.12 In addition, the

coupling is measured with each additional atomic layer, not with each additional doubled

unit cell. This implies that the long period found in the calculation has a different origin.

The long period found in the fit to the calculation could be due to the critical spanning

vector across the N-centered ellipsoid. A possible explanation for any discrepancy between

the extracted period and this spanning vector could be the susceptibility of the fit to the

existence of many local minima.

V. SUMMARY

Calculations of the oscillatory coupling strength based on computing reflection probabil-

ities at the critical points of the Fermi surface show that the long period oscillation found

in Fe/Cr multilayers is due to spanning vectors across the N-centered ellipsoids in Cr Fermi

surface. This conclusion holds for multilayers grown in the (001), (110), and (211) orienta-

tions. The measured periods disagree with those that are calculated using the local density

approximation, but agree with the periods extracted from the experimental Fermi surfaces.
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