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The properties of Nb, Mo, and Cr as the spacers in magnetic/nonmagnetic multilayers are exam-
ined. Utilizing the simple Ruderman-Kittel-Kasuya-Yosida-like response-function theory, one can
elucidate not only which features of the bulk band structures are relevant but also discuss the implica-
tions of the spacers being inhomogeneously strained. The crucial question proves to be determining
which caliper can resist all the broadening effects to appear actually as a macroscopic quantum
effect. One mechanism is to minimize scattering by selecting wave functions with substantial s and

p character. Another is to maximize the effective velocity and thereby minimize dephasing by the
existing scattering. In Nb (110) and Mo (100), such considerations select Kohn-anomaly calipers
which arise from the N-centered ellipses. Consideration of resilience to scattering effects is crucial
to explaining why the Mo (100) repeat distance appears at three layers instead of at the two layers
as seen in Cr. The uniform long repeat distances seen in Cr for the (100), (211), and (110) and the
(110) repeat distance in Mo appear to be internally consistent in that they occur from the rim of
the 4 centered lens surfaces and involve the strong mixing of tz~ and e~ d states. The analysis also
suggests several factors which help to understand the systematics observed for spacers across the
transition series.

I. INTRODUCTION

Artificial multilayers offer a new set of physical param-
eters to adapt the properties of materials. One very in-

teresting feature~ amongst the many already discovered
is that in the magnetic/nonmagnetic layered systems, the
magnetic layers —which are internally ferromagnetically

(F) aligned —can be coupled in an antiferromagnetic
(AF) arrangement across the nonmagnetic layers. This
nonmagnetic material is often referred to as the spacer.
The magnetic interlayer coupling oscillates between AF
and ferromagnetic order as a function of spacer thickness2

suggesting the sharpness of a Fermi surface is a criti-
cal feature which, in the simplest response theory, be-
comes a Ruderman-Kittel-Kasuya-Yosida (RKKY) type
interaction. s'4 As some of these systems exhibit a "gi-
ant" negative magnetoresistance anomaly, '6 they can be
interesting as magnetic 6eld sensors. Thus, there are
two major problems to be considered for these systems:
"What are the essential features of the interlayer mag-
netic coupling?" and "What is the nature of the giant
magnetoresistance7" ~ 9 Here, we are interested in the
former.

To attempt some theoretical understanding, there are
two ways of proceeding and, quite naturally, both avenues
are being explored. One approach selects representative
cases on which detailed electronic structure calculations
are performed and then dissected. Because these
materials involve layer thicknesses of at least mesoscopic—if not macroscopic —size, one must be prepared for a
heroic effort and then be careful that the calculations are
numerically signi6cant. The real worth of the calculation
must come &om the 6nal detailed analysis as a represen-
tative case of a statistical ensemble —rather than agree-

ment with experiment. In recognition of the utility of this
approach, it should be noted that it yielded the earliest
prediction of antiferromagnetic coupling. ~s The alternate
approach is to define simpler models hopefully capturing
the essential features and consider their properties (as is
the case of the original RKKY interpretation). Of course,
rather than competing approaches, they must be used in
concert both with each other and with further experi-
ments if we are to hope to make progress.

So what are the essential features of a model worthy
of examination? First, the basic unit can be reduced to
a single spacer layer between two magnetic layers (see
Fig. 1), although the true experimental system often in-
volves arrays of interspersed magnetic and spacer layers.
The properties of the repeated systems can be built up
on those of the isolated unit, and so initially it is only
necessary to consider this simpler system. (Unless one
wishes to exploit periodicity —this is an easy way to
discuss the so-called aliasing effect. ) And, because the
magnetic layers are "thick" and their actual thickness
has comparatively little effect, they can be considered
semi-in6nite solids. Inserted between the magnetic lay-
ers are two interfaces and the spacer. The interfaces are
the regions where the intermixing and imperfections (re-
ferred to as surface roughness) occurs, lattice mismatch
strains are hopefully accommodated, etc. Although one
may question how fast the strain effects die away as one
proceeds into the spacer, the major charge eKects can
be hoped to screen out within a few atomic layers. So the
interfaces can be viewed as being of 6nite extent leaving
the interior of the spacer much as it would be in a bulk
solid. The interfaces are generally idealized to a sharp
interface or one where the roughness is represented by
substitutional intermixing of two atomic layers. ' See

0163-1829/94/50(1)/273(18)/$06. 00 50 273 1994 The American Physical Society



D. D. KOELI.ING

FIG. 1. Schematic representation of the multilayer system.
Two layers of iron are coupled through the Nb/Mo spacer-
which is initially viewed as a simple transmission medium.
The boundaries, which are generally not perfect, are approx-
imated as perfect interfaces to which corrections are applied.
The 6gure misrepresents the relative size of the length scales
for the variations along and perpendicular to the interfaces.
One can expect the scale along the interface to be longer than
shown. Not represented are the larger-scaled imperfections
such as interdiffusion and strains.

Fig. 1. On the other hand, the interface structure is
crucial to the enhanced magnetoresistance2o'2i that is a
primary factor driving interest in these systems. The
approach used by van Schilfgaarde and Hermanz2 would

appear to be especially useful for looking into the in-

terface effects although full Green's function matching
techniques would be better.

One expects to be dealing primarily with magnetic
changes in the central regime of the spacer that are minor
deviations from the bulk Th. is is strongly supported by
the successes of the non-self-consistent calculations for
such systems. 242 This in turn motivates the use of a
response theory treatment on the bulk material for the
internals of the spacer —at worst only incorporating en-
hancements, nonlinearity, and/or finite size quantization
effects which is the way one might view the Green's func-
tion based calculation of Mirbt et a/. Because the fer-
romagnetic material is internally ferromagnetically cou-
pled, the response function is driven by the interactions
at the interface and this has significant consequences.
This view underlies all model treatments whether the
model applied is truly a response formulation as the
RKKY, ' focuses on spin-Hip currents, or concentrates
on the boundary effect as the driving force. The
essential parameters taken for the first analysis are the
critical spanning vectors that have been extensively used
in Kohn-anomaly analyses and the local joint density of
states at those spanning vectors. Because the local joint

density of states involves the comparison of band slopes
and curvatures at the two end points of the spanning vec-
tor, it is presented as a special effective mass parameter.
But it should be remembered that it is the simple state
density for the transition unweighted by the matrix el-
ements that would appear in a perturbation expression.
As with all such "generalized" response function anal-
yses (optical, x-ray, susceptibility, dielectric, etc.) the
positions are generally well determined but strengths are
poorly represented.

Much success has been obtained applying the Fermi
surface driven models to systems with copper spacer lay-
ers. These Co/Cu systemsss ss and Fe/Cu systems r'ss

provide a spacer with a simpler electronic structure where
there are only very few spanning vectors so selection is
not an issue. The success of these studies, and those for
the other simple metals, clearly establishes the signif-
icance of the Fermi surface for such phenomena. The
copper spacer offers some special opportunities as well.
Noble metal films on a magnetic substrate have been the
premier systems in which to demonstrate the formation
of quantum well states. 0 2 The formation of such states
offers a significant mechanism to sharpen the coherence
of the response thereby enabling the longer ranges of the
AF interaction. Also, epitaxial coupling can drive the Cu
to exist in the bcc crystal for 10—11 monolayers giving
a difFerent view —but only if the Fe thickness is much
larger than the Cu thickness.

In this paper, the interest will be focused on systems
with VB and VIB elements used as spacers specifically
examining what can be learned viewing the spacer as
a transmission medium. These materials have multiple
Fermi surface sheets with complex shapes with the conse-
quence that there are many possible Kohn-anomaly span-
ning vectors which might give rise to magnetic repeat dis-
tances. It was this issue that initiated my efforts on this
project. The intent was merely to show that tabulating
the Kohn-anomaly spanning vectors gives an extensive
list of possible repeat distances which included the one
or two actually observed. In Sec. II, a brief discussion
is given of the significance of the Kohn-anomaly vectors
and associated effective mass parameter (joint density of
states) as it arises from the simplest response function
analysis. Then the Kohn anomalies are then presented
using plots of the same form as used to discuss phonon
anomalies. This is also the presentation form used by
Stiles, who has performed an exhaustive survey of these
spanning vectors. It is seen that, indeed, the observed
frequencies can be related to Kohn anomalies but also
that it will be seen to be very nearly devoid of signi6-
cance. The exception is that it enables one to determine
which parts of the Brillouin zone (BZ) are involved. This,
however, is useful because it reveals the associated wave

function character. That information will be used below
to suggest the hypothesis that the mixing of the e~ state
associated with the body of the I' centered jack and the

t2~ state associated with the knob has a special signifi-
cance. That mixing is responsible for forming the Fermi
surface into the jack with the lens inside. The resulting
mixed state character on the rim of the lens can be re-

lated to the long period oscillations in Cr (100), (110),
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and (211) directions and also to the observed repeat dis-
tance for Mo (110). As for the predictive power of the
local joint density of states mass parameter, Stiles has
observed that the correlation of observed repeat distance
to the strength of the mass term (local joint density of
states) is quite weak. I would go further and state that,
in these d-state materials, it is essentially nonexistent. It
is this observation that drives one to look deeper. What
one then rediscovers is the importance of asking for any
macroscopic quant»~ phenomenon how the quantum ef-
fects survive to the macroscopic regime.

The simplest-possible modeling neglects the fact that
these artificial structures are not perfect. The initial
acknowledgement of this fact has been the recognition
that interface roughness will suppress the shorter wave-
length repeat distances. A primary concern here will
be that greater levels of imperfections need be consid-
ered: The strains of the imperfect lattice match, the
layer spacing Quctuations driven by the work function
mismatch, the granularity of the spacer, and impurities
are all significant. To explore this, the techniques of
early transport and susceptibility calculations can be em-

ployed on the simple response function modeling. These
are based on the assertion that the s-p states carry the
long-range information as the d-states are more rapidly
dephased by the scattering. 43 A scattering mechanism
has been successful in dealing with rare earth RKKY
interactions, and so this is not unreasonable. As
will be seen in Sec. III, significant information can be ob-
tained from a simple simulation. In these materials, the
Fano antiresonance acts to severely reduce the s-p charac-
ter at the Fermi energy. By assuming that coherence can
only be maintained when coupling states with significant
s-p character, nearly all spanning vectors are eliminated
Rom consideration leaving only those couplings involving
the ellipses located about the point N in the BZ. Because
the Fermi surface in the noble metals has a strong admix-
ture of s-p character, one can expect that they will not
be as significantly in8uenced by the greater d-state scat-
tering and that this effect would not be so pronounced.
Thus, the successes found in Cu are actually consistent
with this view rather than precluding it.

One's initial impression is that Cr should be viewed
as the control. The Fe/Cr systemi'2 s s 4s si and Co/Cr
system, ' with Cr acting as the spacer, have been stud-
ied extensively. Of course, for Cr to be viewed as a
nonmagnetic spacer, the Cr spin density wave should be
suppressed. The strong response associated with the
spin density wave must still be present, however, and it
can give rise to oscillatory behavior with a two-monolayer
(ML) repeat distance. When the interfaces between lay-
ers are of high quality, this short wavelength oscillation
is indeed observed using a technique involving a wedged-
shaped spacer. On the other hand, when the layer inter-
faces are rough, the rapid oscillation is suppressed (it can
be reintroduced by annealing the interfaces ) and only a
longer wavelength oscillation is observed: At 18 A, this
wavelength is unusually long. It also has the interesting
property of occurring at precisely the same repeat dis-
tance, phase, and strength for both the (100) and the
(211) directions and probably also for the (110) direc-

tion as well. s Although this work was not specifically
designed to study this problem, it does suggest an inter-
esting hypothesis focusing on the wave function mixing
in the rim of the lens. Because of the expected incipi-
ent antiferromagnetism, a question that may be &uitfully
asked is whether a low order response theory is adequate
or whether the system has so dramatically responded as
to require a fully self-consistent treatment. Interface-
partial-self-consistent calculations strongly suggest it is
not crucial. Besides the incipient antiferromagnetism of
Cr, there is another important feature that contributes
to the successes found using this spacer: It is a much
more stably formed, much better lattice matched, and
thus more nearly crystallographically perfect system than
most.

Exploring the isoelectronic systems varies more param-
eters in multilayers than in bulk because the spacer must
still be connected to the same magnetic layer. Thus, vari-
ations in adhesion, diH'usion, and lattice mismatch also
become significant. Replacing Cr by Mo has proven an
instructive exercise. The longer wavelength oscillation
is also observed for isoelectronic Mo, s but in the (110)
direction. It occurs at a wavelength (11 A) more consis-
tent with the general observation that the rough-interface
systems typically exhibit wavelengths in the range 9—ll
A. .ss Using the wedge technique for Fe/Mo in the (100)
direction, the shorter wavelength oscillation appears
but at 3 ML rather than the 2 MI. that might be ex-
pected from the generalized susceptibility peak (possible
incipient spin density wave).

It would be very interesting to see what mould happen
in the Fe/Nb system could the Nb be driven supercon-
ducting thereby creating a gap at the Fermi energy. Un-
fortunately, the moments in the Pe layers are too efFective
at pair breaking. No superconductivity is seen unless the
Nb is too thick to be interesting. Instead, normal tran-
sition metal behavior is observed with a repeat distance
of 9 A when the Nb is textured in the (110) direction. ss

For Co/Nb, the antiferromagnetism is reported to be too
weak to observe a period although a first peak is observed
at a slightly smaller Nb thickness. Since this first peak
position is dependent on phase and the phase depends on
magnetic layer composition, one must assume the same
repeat distance as the Fe/Nb system. This is found to
be the case in numerous systems. Co/V is found to have
a similar 9 A repeat distance. ss

There are a number of features that one would like to
understand. The primary question is what determines
which of all the xnany Kohn-anomaly points actually ap-
pears experimentally. There is another lesser question,
of course, as to whether all observed repeat distances do
in fact correspond to such points. That, however, has
pretty well been resolved and these materials, with their
dense populations of possible points, can say little about
that question. Only when the interfaces are of high qual-
ity are the shorter repeat distances observed which has
successfully been attributed to removal of the effects of
surface roughness. In Cr, this shorter wavelength ap-
pears at a distance of two monolayers (ML) consistent
with the spin density wave instability there. But in the
case of isoelectronic Mo, it appears at roughly 3 ML.
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Why should this be? %hen the interfaces are rough, the
repeat distances appear to universally occur in the 9—11
A range —Cr and Os are exceptions at 18 A and 15 A.
Is this an indication of some fundamental aspect of rnul-

tilayers or a simple consequence of measurement factors?
Clearly, the shortest repeat distances are suppressed by
surface roughness. They are further suppressed by the
rapid dropoff of the d-state form factors as will be dis-
cussed in Sec. II. At the other end of the spectrum, the
very long distances are diKcult to observe because the
signal has seriously decayed by the time one reaches the
distances necessary to observe them. An important ques-
tion is whether that is enough to explain the observed
narrowness of range. It will be argued that scattering
mechanisms which operate to select the 8-p character will
also act to favor repeat distances in that range.

The dependence of the coupling strength decay on in-

creasing spacer thickness can be informative. Unfortu-
nately, the indeterminateness of the boundaries makes it
hard to extract 6rm functional dependences. If the oscil-
latory behavior were to be driven by a peak in the gener-
alized susceptibility, the oscillations would show an Gaus-
sian decay with a decay length inversely proportional to
the width of that peak. The z dependence used by
Parkin in his analysis arises from the dephasing around
a Kohn-anomaly point. If instead the coincidence were to
occur along a line, it would give an z ~ dependence for
that g vector. Full planar nesting would give a z i de-

pendence. In addition to these phase coherence factors,
a Rnite mean free path occurring for the coupled states
would also give an exponential decay to the dependency.
Thus, it might be possible to garner information from the
form of the decay if it could be reliably determined.

On the other hand, I would argue that the phase is

not as informative at this time. Again, the fuzziness of
the boundaries seriously undermines the signi6cance of
any small differences. And whether the initial ordering
is ferromagnetic or antiferromagnetic is a consequence of
the near neighbor interaction between the ferromagnetic
ion (Fe, Co, or Gd) and the first spacer ion.

II. SIMPLEST VIEW

The question of initial interest to us in this project was

just how dominant the spacer Fermi surface was in deter-

mining the repeat distances. The simplest model empha-
sizing that aspect is the RKKY model. The simplicity of

the model will be exploited in the next section to discuss
scattering effects. The model must first be converted to
one in which the magnetic layers serve as transmitter and
receiver of magnetic information at the interface so that
the focus can be on information transmission through
the spacer layer. As a first approximation, the spacer is
viewed as a passive transmission medium and is assumed
unaffected by its new environment except for population
realignments. As a consequence, the bulk band structure
can be used to calculate requisite response functions. The
magnetic layers are taken to be perfectly ferromagneti-
cally aligned internally so that t,hey can be described by
a single spin orientation and interaction at the interface.
Also as an initial approximation, one assumes perfect lat-
tice matching so that sums are performed on the lattice
of the spacer. A highly desirable benefit of assuming
perfect lattice matching is that one can then work in
a reduced zone scheme and introduce the notation that
any 8 function present actually represents a lattice sum
of b functions. This significantly reduces the complexity
of any discussion of aliasing. However, the assumption
that the interaction need only be considered with the
first layer of the magnetic material has signi6cant im-
plications as to what is an equivalent vector, as will be
discussed below. The model neglects much: mismatch
strains, work function mismatches (i.e. , charge transfer),
interface roughness, interdiffusion, self-consistent relax-
ations, possible formation of bound or resonant states,
and possible quantum well states to name only a few. It
is the simplest possible view of the problem and, while
not the whole truth, is simple enough to be easily com-
prehended —thereby a useful basis on which to build
understanding.

A. Basic response theory

The discussion will follow Bruno and Chappert but
introduce a slightly different view and some minor im-
provements. Its main function is to establish notation
and background, and then provide the basis for a sim-

ple incorporation of effects arising from the system being
imperfect. To obtain the interaction of the two magnetic
layers across the spacer, the model sums RKKY pairwise
interactions of site i in the surface of one magnetic layer
with site j in the other. The exchange interaction is

where e is the band energy and f the Fermi occupation
factor. The sum on k extends over the entire Brillouin
zone and the periodicity is accounted for through the
standard treatment of the reduced zone scheme. The
n and n' sums ideally extend over all bands and are
quite slowly convergent. However, only those bands at
or very near the Fermi energy actually contribute signif-
icant structure in fact, the entire discussion focuses

on the Fermi energy. Since the overall constant value
has no inBuence of interest to us here, this is no prob-
lem. The interaction matrix elements in Eq. (1) will have
contribution only &om the interface and have the S; . S~
dependence removed and explicitly displayed in the pair-
interaction Hamiltonian. It is the approximate treatment
of the matrix elements that permits separating the prob-
lem into considerations of the spacer material as a trans-
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mission medium with the interfaces as transmitter and
receiver of that information. The matrix element is of-

ten taken as k independent, and so its contribution can
be taken outside the g integration but that is not neces-

sary. In actual application, one focuses only on the Kohn-
anomaly caliper points to deal with the oscillatory mag-
netic behavior which selects a small set of (q,k) values,
and so neglect of the q dependence of the coupling terms
is more neatly done in practice. Actually, one would like

to put things in the form ~M~~ ~ ((i)((j) which requires
that one use the fact that the two magnetic moments are
well separated and explicitly consider the difference be-
tween a parallel and antiparallel alignment. Such an (ap-
proximate) procedure can actually accommodate the fact
that these matrix elements are an exchange interaction
and not just an interaction with a perturbing potential.
Then

J(R )
—(t) (j) d -( ),,,a„"

2(27t)s

where the generalized susceptibility y is that of the spacer
and ( is the form presumed for the interaction with the
magnetic ion. ( has been dealt with in a variety of ways.
Yafets used an experimental factor extracted for Gd for

Gd-Y superlattices; Bruno and Chappert4 utilized a con-
tact interaction for Fe-[Cu,Ag, Auj; Wang et alis utilized
an s-d interaction model for Fe-Cr but with the Fe d
states approximated at a constant energy; and Bruno27
utilized an 8-d mixing model treated using Green s func-
tion techniques (this should be the same model as that
of Hasegawa 4 but treated differently) which summarizes
the d-state energy as virtual bound states locally for each

k~~. One could also map the surface reflection factors used

in quantum well modelssi'2s into this form. To proceed,
we need only use the form of the interaction is often re-
duced to a simple on-site interaction as expressed in Eq.
(2). One can then incorporate the question as to the
exact form of the interaction into the factor (Z) defined
below to simulate the complications of the true interface.
However, several comments are in order. This approach
has used linear response to isolate the spacer effects Rom
the interface effects. It is appropriate only for weak cou-
pling which very well may not be the case in many sys-
tems. It must absorb the local interactions such as an
antiferromagnetic superexchanges or simpler d-d near
neighbor coupling into the interface term.

The generalized susceptibility g(q) is the simplification
of the noninteracting susceptibility

~- I((k+ q), ~' le*" Ik, n)I'V(e~, -) —f(e~+~,- )l

(2&)s - e„(k+ q) —e„(k)

obtained by setting the e'&' matrix elements to one such
that it only represents phase space effects. In this case,
the generalized susceptibility appears because the matrix
elements that should occur in Eq. (I) for the multilayer

system involve contributions only within the interfaces
and we are contriving to separate out the spacer con-

tribution. As is quite common with such "generalized"
approximations, this will seriously restrict any prediction
of relative strengths. Given a usable form for the inter-
face interaction terms, one would pull them out of Z and

put them in y(q) as a more accurate response function.
One can get some ideas of general trends by noting that
the approximate matrix elements used in a linear com-
bination of atomic orbitals (LCAO) calculation of the
susceptibility are actually a simple on-site form factor.
Thus, the same approach should apply to Z more or less
consistent with the discussion of Herman and Schreiffer

implying that one should be concerned with the form fac-
tor of Fe such as shown in Fig. 2. If this much simpli6ed
consideration is the dominant effect, then Z must be a
rapidly decreasing function of q. The effect is all the
more pronounced since the form factor enters the matrix
element as a product and Z contains the matrix element
squared so the variation of Z would go as the fourth
power. To get a "number" for a perturbing potential
term &om Fig. 2, one must use a knowledge of the wave
function so that the L=O term can be combined with
L=2 and L=4 terms multiplied by the orbital dependent
angular factors given in Table I of Callaway et al. To
be semiquantitative, one might worry about taking the

angular decomposition &om the spacer wave function in-

formation, but that is a very dubious approach since the
actual matrix elements involve an exchange interaction
and not just a perturbing potential. Arguments based
on null matrix elements due to the angular terms should
be considered of less reliability than the drop off due to
form factors. However, except at large Q, the higher l.
terms are too small to affect the qualitative observation
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that the form factor drops significantly with increasing B. Brillouin xone reconstruction: An observation

The analysis proceeds by seeking the interaction-
strength factor I obtained when the cosine of the angle
between the moments (the remnant of the spin scalar
product of the RKKY Hamiltonian) is extracted from
the energy per unit area. One looks for oscillations in
the sign of I with increasing thickness of the spacer. I
involves the double su~ over magnetic sites i and j in
the two surfaces of the interacting magnetic layers. If
one identifies the plane of the Fe interface as the atomic
plane containing an adequate number of Fe atoms (in the
perfect idealized case considered here, the last plane of
Fe atoms) and calls the separation of the two planes z,
then one can write

(4)

One simplifies the problem significantly by separating
the in-plane from the cross-plane (z) effects in the inte-
grations. This is done by choosing to use a more conve-
nient, but entirely equivalent, BZ to do the g integrations
and isolate g~~. Because the multilayers are based on crys-
talline atomic planes of separation d, it is very useful to
choose the BZ to be a prism bounded by the planes at
+x/d. Because the planes are crystalline planes, one can
then make the standard constructions —but in 2D —to
deal with the in-plane coordinates. The q~~ integration
in Eq. (6) can then be readily done which will select

g~~
——0 modulo a reciprocal lattice vector in the plane.

With this result, and simultaneously converting to a real
integral, one obtains

which isolates the layer thickness from the displacements
within the layers. q is separated into its components
perpendicular and parallel to the planes:

q = q, z+ q~~.

Then, replacing ( by a suitable average value, the site
sums involving e'&[]' & for the interaction strength can
be isolated and performed giving

(6)

where all constants have been absorbed into Z(q), whose

primary function is to represent the coupling effects at
each interface. It should be recognized that Z(q) en-

capsulates (or hides, according to ones thinking) a sig-
nificant part of the problem. Assuming perfect periodic
interfaces, one of the two summations present in Z is a
simple average of the nontrivial sum on the relative [two-
dimensional (2D)] dispacements in the planes (r2~ —ri;).
For the perfect lattice matching approximation with per-
fect interfaces, Z is a weighted sum of b' functions on
the lattice in the plane. Any deviation &om the ideal
model would introduce broadenings, possible superlat-
tice points, and structure factors. If one uses a contact
potential approximation and considers the random occu-
pation by the magnetic atoms of the sites of two planes
at the interface, is i@ a term of the form [A+ Bcos(P)] is
introduced. cos(P) = —1 at the large q boundary of Eq.
(6), and so this factor will act to suppress response in
that region. This factor is a significant part of the rea-
son rough interfaces suppress short period oscillations.
Generally, this roughness across n layers will act as a
short wavelength filter suppressing coupling to the rnag-
netic layer for wavelengths shorter than n layer spac-
ings. When the structure of the matrix elements is con-
sidered, roughness can have even more profound effects
especially when more than simple subsititutional disorder
is present. Lattice mismatch will produce strain fields,
dislocations, and defects extending into the bulk of the
layers. Thus, these effects must appear not in Z(q) but
y(q) which will be done below using simple modifications
of the formalism to account for their scattering.

So the geometry has selected the perpendicular compo-
nent of the susceptibility, as pointed out by Yafet.

This BZ reconstruction, however, reveals another very
interesting feature of the geometry of the problem. In this
construction, the lattice is being viewed as a stacking of
planes which are more open than their separation d. Be-
cause of this, the primitive translations within the plane
are smaller than for the 3D lattice, increasing the num-
ber of equivalencies occurring. This can be made clearer
by discussing specifically the three directions considered
here. In the (001) direction, the bcc crystal is made up
of a stacking of simple square lattice planes whose prim-
itive translations would be —(100) and —(010) for the
cross-plane direction being the z direction. The 2D BZ
is the square bounded by +—in the x and y directions.

q, is bounded by 6
&

——6—so the unit cell volume is

2 (
—

) as required. Note what happens for a —(202) re-
ciprocal lattice vector (umklapp-type process). Because
the —(200) is a primitive translation in the plane, the line
—(2, 0, 2+q, ) maps onto the z line but as the mirror image
because 0 + —occurs for q, traversing —m 0 when the
reHection symmetry is considered. For the (110) direc-
tion, the planes are made up of face-centered rectangular
lattice of ratio ~2 to 1. The 2D reciprocal lattice vectors
are —(1, 1, 2) and —(1, 1, 2). q, runs between the K points

+—(1,10). Here again a (022) 3D reciprocal lattice vec-
tor coupled with a (1, 1, 2) 2D plane vector results in the
mirror image being equivalently mapped onto the q~~

——0
line. For the (211) direction, the planes are rectangu-
lar lattices with primitive translation vectors 2(1, 1, 1)
and a(0, 1, 1). So the reciprocal lattice generators are
Ki ——s (1, 1, 1) and K2 ———(0, 1, 1). d is a/v 6, and so
q ranges to 6—(211). Again —(220) —K2 ———(211), and
so one has the same mirror mapping of (211) —q —+ q.
For the perfect lattice matched system, the remapped q's
discussed for each direction actually remap into what one
started &om because of the surface terms in Z. Because
q(( g 0 and the adjacent planes do not line up, Z con-
tains a factor which Huctuates between +1 for the (100)
and (110) directions. This is equivalent to the "missing"
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component of the q vector bringing one back to where
one started &om. The situation is more complex but to
the same effect for (211). However, the situation is in-

teresting because the Z contribution can get filtered out.
In the ideal model, this can happen because the mag-
netic ion locally inBuences the first layer of the spacer.
That is quite credible since different magnetic materials
can change the phase by vr. Then, once one considers a
rough surface, this term should appear with a factor com-
parable to the loss of strength for q's near the boundary
of the BZ.

C. Band structure and generalised susceptibility

1300'0
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0.10 O.PO O.PO 0.40 0.50

m 120

CLI
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ra 115

110
0.0 0.2 0.4 0.6

q &110& 7r/a,

0.8 1.0

FIG. 3. Generalized susceptibility y(q) fnr Nb along the
(110) direction. The two separate results are calculated with
(slashed points) and without the empirical adjustment dis-
cussed iII the text. As seen in the generalized susceptibility,
the d-p shift merely produces a slight increase in the overall
susceptibility without much change in the structure. The ob-
served peak occurs at and below the q value associated with
a 9 A (4 ML) repeat distance. Its width, however, would

imply a very rapid Gaussian decay of the coherence. For con-
venience, a q coordinate in terms of inverse layers has been
included on the top of the plot.

The generalized susceptibility g(q) is the focus of the
discussion of the spacer contribution. Yafet, in dis-
cussing the rare earth system GdjY, utilized calculated
values of y(q) which actually exhibits a somewhat sharp
peak dominating the behavior at the range of distances
considered. Such a peak yields oscillatory behavior but
decays exponentially (actually, Gaussian) at a rate pro-
portional to the width of the peak. The generalized sus-
ceptibilities for Nb, Cr, and Mo resulting &om the in-
clusion of the first 6ve bands are shown in Figs. 3 and
4.

Before discussing them, a brief statement is needed
concerning the band structures that will be used

throughout. Self-consistent calculations were performed
for each material using line arized augmented plane
waves (LAPW's) at the level of a warped muffin tin
(WMT) shape approximation. The Hedin-Lundqvist
parametrization was used to represent the exchange
correlation. The bands were then obtained at 130 points
(z /4a cubic mesh + centers of tetrahedra of twice break-
ing up the irreducible wedge + ll sensitive points on
the symmetry lines). These were then spline fit us-

ing 560 star functions to produce the representation of
the bands actually used throughout this investigation.
The spline fitting was done with the energy scale ad-
justed to the average energy of each band. This very
simple approach is actually equivalent to the more elab-
orate procedure originally proposede to handle the fact
that the spline 6t minimizes the size of the K = 0 coefB-
cient. The generalized susceptibility was then calculated
using the analytic tetrahedron scheme. Because the in-
terest is in the Fermi surface properties, Nb requires spe-
cial attention. Nb (and Cr) lies at a critical juncture
in terms of the relative population of the d states ver-
sus the s-p states so that it is particularly sensitive to
the nonspherical self-interaction efFects. ' An efFective
empirical correction is to arti6cially shift the d's relative
to the s-p's. Interestingly, smoothing shape approxima-
tions very nearly mock up this efFect so that the requisite
arti6cial shift is nearly zero when making the muon tin
shape approximation while it is at least 20 mRy when
using a general potential. " The original general poten-
tial calculation was performed for an exchange-only po-
tential —otherwise the requisite correction would have
been larger. In the case of the &MT shape approxi-
mation and and exchange-correlation functional, it was
found that a 10 mRy shift optimized the agreement of the
calculated Fermi surface with the de Haas —van Alphen
(dHvA) data. This empirical adjustment brings a re-
markable range of properties into line, 4 and so its use
here is strongly motivated.

One can quickly demonstrate that the generalized sus-
ceptibility gives only very little insight. The group VB
representative, Nb (110), does show a weak, broad peak
in y(q) roughly in the vicinity of the observed repeat
distance although at somewhat smaller q. (See Fig. 3.)
However, the breadth of that peak would imply a very
rapid decay. The other minor structure occurring at the
Brillouin zone boundary (2 ML repeat) does not relate
to any experimental observation. The relevant general-
ized susceptibilities for the group VIB elements are shown
in Fig. 4. The most useful result is to the strong peak
near, but not quite at, the zone boundary in the (100)
direction. This is the peak associated with the spin den-
sity wave of Cr. The matrix elements that do not ap-
pear in this mod~i would nearly remove this peak for
the s~~sceptibility"' so that it is necessary to include the
exchange enhancement to actually get the spin density
wave to appear in a response function calculation. Also
present are a very weak maximum near the center of the
zone, a maximum just beyond the halfway point, weak
structure at a q slightly larger than for a 3 ML repeat
distance, plus some other very weak structures compa-
rab: . to that appearing near the zone center. They are
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all broad peaks, and so they should decay quickly were
they to be seen. There is little evidence for the long 18 A
repeat distance unless one is willing to focus on the shoul-
der of the structure at I'. The results for Mo in the (100)
direction look very much as those for Cr except scaled
down a bit. One would not be able to determine from
these data that Cr and Mo behave differently as spac-
ers. The maximum occurring near q = 0 for Mo would
be more convenient were it to occur in Cr instead of the
shoulder but one could hardly take such structure as a
serious prediction. It is suggestive that the structure just
above the q for a 3 ML repeat distance has sharpened and
moved down closer to the 3 ML point since only this 3
ML repeat distance is actually observed. The only struc-
ture in the (211) direction for Cr is a prominent shoulder
near q = 0 and a weaker one near the outside bound-
ary. The dropofF of the q = 0 shoulder starts below the

q appropriate to the repeat distance and continues well
beyond it. Clearly, one would have to utilize a great deal
of imagination to accept these curves as giving one very
much information about the observed repeat distances.

Since the experimentally interesting region extends
out to about 50 monolayers, Eq. (7) must be evaluated
for large z. Long-range eKects arise much more easily
from discontinuities in the slope of y(q): They will give
oscillatory contributions which drop oK as z 2. This
shows up very clearly in a most illustrative manner if
one attmpts to evaluate I(z) utilizing a simple Folin in-
tegration scheme to account for the rapid variation of
the cosine. The results thus obtained are actually de-
termined by the integration mesh since the Folin inte-
gration scheme approximates the remaining integrand
by a series of quadratic polynomials which join contin-
uously but with discontinuous slope at alternate mesh
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FIG. 4. Generalized susceptibility y(q) for (a) Cr ( 100), (b) Cr (211), (c) Mo (100), and (d) Mo (110).
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points. The spurious large z oscillations generated re-
sult from the presence of those cusps as can be easily
demonstrated by direct integration. Actual slope discon-
tinuities are precisely what are generated by the Kohn
anomalies which are pairs of points calipering the Fermi
surface with oppositely directed velocities. This exercise
is a vivid illustration for the student of the significance
of Kohn anomalies. Their effects on phonon spectra have
been extensively studied and the method to graphically
present them is the same. Of course, it is to be expected
that actual peaks in the susceptibility will be more ro-
bust towards the degradations of impurities, strains, and
temperature. They can be of interest, however, only if
extremely sharp (unlikely), strongly enhanced in a boot-
strap fashion, or perhaps to provide the near field behav-
ior in the response.

D- Kohn-anomaly analysis

The RKKY analysis of Roth, Zeiger, and Kaplan is
extended to the planar configuration. Focus is restricted
to only those contributions to I which give oscillatory
behavior because a significant sized space relating the
boundary between occupied and unoccupied states (i.e. ,
the Fermi energy) can be found with the same q vec-
tor . One has a nonoscillatory component Io, which is
neglected, plus a sum of oscillatory components:

I(z) = Io(z) + ) Ig- (z),

where each I~ contribution is derived from the expan-
sion about a pair of k points on the Fermi surface with
oppositely directed velocities. n labels an indexing of the
caliper point pairs (ko, n; ko, n') on the Fermi surface.

()—
2(2m)

' ' ( e„(k)(,kz) —e„~(k((, k,') )

The integration limits are ks'/d for the k, and k, inte-
grations and over the 2D BZ of the plane for the dk~~
integration. The q dependence of the matrix elements
incorporated in Z can be neglected for a much broader
class of assumed interactions in Eq. (9) since they are
generally much more slowly varying than the energy fac-
tor of the integrand. Thus Z has been evaluated at the
caliper points and brought out of the integrations. The
energy is to be locally expanded to quadratic order about
the Fermi energy

of the k~~ integration is denoted as B (k~~), and is

2mF (z, T)e'~* '
z[f&,'(k[~)[+ f& (k[~)]]

with the temperature broadening factor obtained from
the residue sum

(14)

e = v h'k+ hk D bk/2,
which involves a coherence length

10

from which one will extract bk, (e, bk~~). One can choose

to set up the quadratic coefBcient matrix D as a sym-
metric matrix which simplifies the development. As the
boundaries make no interesting contribution to this anal-
ysis, the limits will be approximated as infinite. The
evaluation of Ig. (z) requires that the z quadratic term
(D„k,) be negligible across (]v, [ T) —which is a di-
agonal of the thin shell selected by the Fermi factor. So,
shifting origin so the 8's are no longer needed for k~~,

f+

k, (kii, e) = k, +
e —v . kii

—
2kii D .

kii

Sz

kI (T) =

It is here that the utility of the RKKY formulation will be
exploited since it is quite natural to consider replacing T
by (T+T') where T' represents additional Fermi surface
broadening due to alloying, strains, etc. (One could even

go so far as to call T' a Dingle-Robinson temperature. )
q, has the expected definition

q (k~~) = k'
(k~~, 0) —k (k~~, 0) .

But the e8'ective velocity is an inverse of the average of
inverses:

where

i~ (k(() = U + z (12)

With this, one converts the k and k' integrations to en-
ergy integrations which are continued into the complex
plane as contour integrals. The only poles are those due
to the Fermi factors which results in summing the contri-
butions of the residues which is a geometric series. The
contour integration also reinforces the requirement that
the velocities must be antiparallel —but not necessarily
along z —to get a nonzero contribution. The integrand

(".) '("ll) = [". '("ll) + ".'(k~l)]/2.

Note that as T—+0, L -+ oo indicating no thermal scat-
tering limiting the range of the coherence and conse-
quently E

The remaining (k~~) integration must be performed to
determine the strength and functional dependence of the
decay. It is evaluated using the stationary phase approx-
imation. The stationary phase requirement enforces the
need to be at a Kohn-anomaly caliper and is the basis
for the de Haas —van Alphen analogy. 2 The first step is
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to expand q, (k~~) to second order in k~~.

t'v' kii
q, (k(() = q, + —/, I ——k() i

. D'
k((

v,' q v,' 2 j
1 (v. k~~ 1 l ++

z ——
kii I. D kii.

v, ( v, 2 )
The linear term is zero in this expression as a consequence
of the velocities being antiparallel. The 2 x 2 matrix can
now be made diagonal through a rotation, and so

k'
q:(kii) = q.o+ —„.* + —„". (19)

Ig- (z) = ' ' m*F (z, T)sin(q, oz+ Q ), (20)
—~(o q:o)

z

where m is basically a local joint density of states given

by

which returns us to the notation of Bruno and Chapert
albeit with a somewhat more complex expression in Eq.
(18). This results from choosing to include the expan-
sion of v, (k~~) in the denominator of Eq. (11). The r's
appearing in Eq. (19) are the efFective mass eigenvalues
whose geometric mean determine the plane parallel com-
ponent of the local joint density of states. The remaining
integration over the parallel (in-plane) coordinates then
gives

ing local linear expansions of the energy bands within
tetrahedral microzones to divide the Fermi surface up
into a series of platelets. These were then checked pair-
wise to locate regions of possible caliper points —clearly
such an approach cannot locate them. Then, returning
to the Fourier spline fit representation, a steepest descent
search was made for the caliper point. The imprecision
of the linear expansions caused many platelet pairs to be
mapped to the same caliper, and so duplicates had to
be eliminated. A better approach would be to utilize a
quadratic expansion within the tetrahedra. This would
actually give approximate calipers which could then be
refined. Once the caliper point is located, the effective
mass parameter (m" ) is calculated by determining the

velocities and second derivative D matrices using finite
difFerences (definitely a weak point in the procedure but
adequate to our use), performing the required rotations,
and then evaluating Eq. (21). The results for these
Kohn-anomaly Fermi surface caliper points are best pre-
sented by bar plots giving the strength as the height of
the bar placed at the q vector where it occurs. 2' ~ The
strength is a product of m* with the number of times
the same caliper occurs due to symmetry (i.e., the de-

generacy). Each bar is labeled with an 8 (saddle point),
m (minimum), or M (maximum). One can believe those
marked S but m and M can get interchanged according
to whether a reciprocal lattice vector or reHection has
been incorporated. This was not well tracked.

2[v. r.„('~' )~ K„('~'v,
Iv. I

+ Iv! I

(21) f. Nb

and g is a phase that is 0, x/2, vr for a local maximum,
saddle point, or minimum. Note that the v, terms in
the denominator of m* represent the plane perpendicular
contribution to the local joint density of states.

A more careful consideration of the ki~ integration is
useful. The 1/z2 factor in Eq. (20) arises from the 1/z
factor in B plus a 1/z factor due to the k~~ integration.
This is the result for a point singularity where both K's in
Eq. (19) are finite, and so the Gaussian integrals in each
direction both contribute a 1/~z factor. But for the
other extreme of perfect planar nesting, both v's would
be infinite and the integration over the parallel (in-plane)
coordinates would instead be done for a constant phase
over some finite region and contribute no such factor. In
that case, the 1/z would not be obtained from the k~~

integration, and so the strength of the interaction decays
more slowly as 1/z. For a line of coincidence, only one
of the ~'s would be infinite and the dependence would be
1/zs~ . Thus, if no other factors are operative, the rate
of decay can yield information as to the nature of the
singularity. This difference and the K factors in m* deal
with variation in the 2D BZ, i.e., parallel to the layers.I', should it becoxne significant, and the v appearing in
the denominator of m* represent variations perpendicu-
lar to the layers. This distinction will enter the discussion
shortly.

One can locate these Kohn-anomaly caliper points in
many ways. The technique employed here starts by us-

Figure 5 gives the results for Nb along the (110) direc-
tion using the calculation incorporating the empirical p-d
shift. The same calculation was also done without that
p-d shift. It produced only one significant change: The
saddle point singularity at the experimentally observed
0.25 inverse layers instead occurs much closer to 0.2 in-

verse layers if the shift is not applied. This is of some
interest since the the observed repeat distance is 4 MI .
Incorporating spin-orbit coupling had no significant ef-

fect. At first glance, this result looks quite promising
in that; this caliper occurs at a q of 0.245 inverse layer
repeat distance and is only exceeded in strength by one
at a 10 layer repeat distance —which would be severely
decayed before it could be observed. However, note here
that there is another caliper at a q of 0.268 inverse lay-
ers. This will become important in the next section since
this (smaller) m, caliper is one of the few calipers in-

volving significant s-p character in the associated wave
functions. A significant factor in the increased strength
of the S caliper is its fourfold degeneracy whereas the m
cahper only occurs once. Otherwise the S caliper would
only be about 50%%uo stronger. The location of these two
calipers is shown in Fig. 6(a). The 8 caliper arises from
the four vectors reaching Rom the octahedron around I
to the arms of the jungle gym. The m caliper arises from
spanning the ellipses —it only has a weight of one in
spite of there being two arrows because they occur at the
surface of the BZ.



50 MAGNETIC MULTILAYERS %KITH (Nb, MO, Cr) SPACER MATERIALS 283

400.I'R
Inverse Monolayer (tM.33)

0.)0 O.gO O.PO 0.40 0.50
H

30
CJ
CO

C
H

H

0.0 0.2 0.4 0.6
q &110& 7I.ja

1N m
I I

0.8 1.0

H

FIG. 5. Kohn-anomaly caliper points for Nb along the
(110) direction. The d-p shift shifts the saddle point found

at 0.25 inverse layers to its current position from a location
nearer 0.2 inverse layers. For convenience, a q coordinate in
terms of inverse layers has been included on the top of the
plot.
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Results for the same cases shown in Fig. 4 are showa in
the same order ia Fig. 7. Not surprisingly, the results for
Cr (100) are dominated by a cluster of calipers just below
the 2 ML repeat distaace at the end of the zone. This re-
quires some interpretation, however, since that q vector
is known to be a region of plaaar nesting. Because the
codes used are designed to find points ia a sharply differ-
ential sense with no widths, they will always find points
based on the small variations in the representation —or
else fail. Thus, a cluster of many points is indicative of
some greater degree of aesting. Should this occur for a
caliper of interest, further investigation is in order siace
the degree of nesting ia6uences the rate of decay. For Cr,
the situation near the H point is knowa to be full planar
aesting, and so the decay should occur as 1/z. The his-
tory of theoretical understaading of the spin density wave
is that first the strong peak in the generalized suscepti-
bility arising &om this nesting was discovered; then it
was shown that that peak was washed out by matrix
element effects in the noninteracting susceptibility [Eq.
3]; and finally it was shown that the exchange enhance-
ment reestablished it. Because of the restricted varia-
tional &eedoxn allowed in their calculation, the results of
van Schilfgaarde and Herxnan demonstrate most clearly
that the exchange enhancement is not an essential fea-
ture for the multilayers containing Cr as a spacer. Matrix
elements still act to reduce the strength of the nesting,
but perhaps not as strongly as in the bulk spin density
wave case. The boundary conditions acting to form a
quantum well state may help to stabilize the response in
this case. Note, however, that this calculation also gives

H

FIG. 6. Base plane (k, = 0) Fermi surfaces on an expanded
scale for (a) Nb and (b) Mo. Nb has three Fermi surface
sheets: the octahedron centered on I', the ellipses centered
on N, and the jungle gym which in this plane looks like a
larger set of ellipses truncated. The four caliper vectors near
I' would correspond to a q of 0.245 inverse layers. The vector
spanning the ellipses would correspond to a q of 0.268 inverse
layers. Mo has four Fermi surface sheets: the jack centered on
I', the octahedron centered on H, the lens found along the 6
line from 1' to H, and the (smaller) ellipses centered at N. Mo
has two caliper from the jack to the octahedron and one from
ellipse to ellipse near the appropriate 3 ML repeat distance.
It is the ellipses at N that contain what 8-p character occurs
at the Fermi surface in both these two materials.

another cluster of points near the 4 ML repeat distance (a
harmonic apparently unobserved) in agreement with the
generalized susceptibility calculations. This set of points
is a mixture of de'ering band index combinations and so
not a nesting and would not have the slower decay rate.

As for the long period oscillation, if any caliper is going
to relate to the 18 A. , or 12.5 ML, repeat distance, then it
must come &om the smallest calipers indicated in Fig. 7.
The three smallest calipers all arise &om the band 5 lens
which occurs along the 4 line inside the neck of the jack.
The lens is formed as a result of the interaction between
the F centered octahedron and the mid-E centered knob.
Consequently, the jack is formed on the one hand and the
lens on the other. The Fermi surface drawings of Spar-
hn and Marcus for Mo are a useful reference since the
paraxnagnetic Cr and Mo Fermi surfaces are qualitatively
similar and the lens is not usually discussed for Cr. They
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are also visible in Fig. 6(b). The smallest caliper corre-
sponds to about a 10.5 ML repeat distance. Its effective
mass factor is only 0.75 with a degeneracy of 2, and so, on
the very large scale used to accommodate the nesting vec-
tors, it does not show up. The calculational techniques
were not designed to look closely at this problem. An
adjustment of the Fermi energy within its uncertainties
can, in fact, bring it into agreement with the 18 A. repeat
distance. The wave function character involved on the
lens is interesting, being the result of the (anti)crossing
of the downward sweeping (3z~ —r2) type es band with
the upward sweeping xy member of the t2g d states. For
this reason, van Schilfgaarde and Harrison~ reject the
lens as the origin of this long wavelength on the basis
that the matrix elements will be null. For the caliper
found along F-H, this matrix element issue is quite ger-

mane: The matrix elements involved for the bulk suscep-
tibility will definitely be null. Of course, such arguments
may be indicative but they are far less applicable for the
multilayers. However, the actual spanning vector they
considered spans the lens &om rim to rim perpendicular
to the I H-line (an apparent misquote of Stiles). This
vector is slightly larger —without adjustment, the cal-
culation corresponds to a repeat distance of 8 ML with
an effective mass of 0.68 and a degeneracy of 4. In the
rim of the lens, the wave function character is mixed 42~
and eg and the matrix element argument does not apply.
The phase space (degeneracy x efFective mass) is actu-
ally a little better for this rim caliper although, clearly,
both are weak.

The signi6cance of the lenses is heightened by long re-
peat distances found in other directions. In the (211)
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direction, the repeat distance is found to also be an 18
A. long oscillation period with the same strength and
phase. s4 The smallest caliper shown in Fig. 7(b) cor-
responds to a near-rim caliper with repeat distance of
about 10.5 ML. With a layer separation of 1.175 A rather
than 1.44 A. , that distance is the same as that found for
the rim caliper. The effective mass is small (0.64 with
a degeneracy of 4), just as for the (100) direction. Even
more, although not universally agreed upon, it appears
that a Cr (110) spacer also exhibits an 18 A. repeat dis-
tance. If one accepts this, arguments based on alias-
ing for the 2 ML repeat distance in the (100) direction
require very careful reexamination and are unlikely to
prove robust. It also places a very stringent requirement
on any explanation involving lens spanning vectors: The
spanning vector must be of identical length in all three
directions. The (100) and (110) equivalence is easily ac-
commodated if the spanning vector is on the rim while
the (211) is on a (001) to (110) rotation rather than the
required (001) to (100) rotation. However, the calcula-
tions show it to slide near a rim to rim connection with
nearly identical caliper length and effective mass. Be-
cause the rim of the lens is one side of an anti-crossing—the other side being the neck of the jack —it is not
as well represented using the band-by-band Fourier se-
ries spline representation of the current study. Use of
experimental data would be the best approach. Unfor-
tunately, experimental information on the lens is not
readily available for Cr. But, for isoelectronic Mo, al-
though the lens is extended along the transverse (100)
directions, so these distortions"s are only about 3%. The
size cannot be taken &om Mo data but the indications
of constant length are very credible. If the (100) span-
ning vector were to instead be along the I'-H direction,
one would necessarily find an angular variation which,
though small, would probably be larger than the strin-
gent limits placed by experiment. The evidence for the
rim caliper being the relevant one is quite strong.

One last comment should be made about the (211) di-
rection: The dominant feature seen in Fig. 7(b) is the
collection of points all at 0.20 inverse layers (= 5 ML)—which are indeed a full planar nesting and should ex-
hibit a I/z decay. That such a repeat distance is not
seen experimentally implies either materials limitations
or small coupling strength. These results indicate that
much could be learned by attempting to improve sample
perfection and looking for a 6 A. repeat distance.

8. Mo

The (100) direction for Mo [Fig. 7(c)] looks very much
like a fuzzy version of the Cr (100) plot. Which is entirely
consistent with the generalized susceptibilities (Fig. 4).
Of particular significance is that the strong nesting near
the outside boundary of the BZ is weakened due to the
poorer coincidence of the two Ferxni surface pieces. This
is probably the cause that the 2 ML repeat distance is not
observed since one can assume that the strength is just
barely adequate in Cr, matrix element and exchange fac-
tors being less likely. While the matrix element efFects

act more strongly to suppress this peak in the bulk, s~

they should be very comparable for the multilayers in-
volving as they do the iron form factor. And since it
appears that the exchange enhancement is not playing
a significant role even for Cr, it should definitely not
be a consideration for Mo. DifFering surface roughness
can be a factor: While the material can be prepared to
very high quality, the greater lattice misxnatch probably
also implies a greater surface roughness. This would also
act to kill the 2 ML repeat. Further information can be
obtained &oxn dHvA measurements in Mo where it is
reported that the signals for the electron jack were ex-
tremely weak. Since this repeat distance involves the
coupling of jack and octahedron states, that observed
weakness should imply a weak interlayer coupling.

Interestingly, Mo also has clusters of caliper points ap-
propriate for 3, 4, and 5 ML repeat distances all with
roughly comparable strengths. Without a knowledge of
the other pieces of the problem, all a Kohn-anomaly tab-
ulation can do is provide a list of possibilities. It is an-
noying when the list is too inclusive. The hint of a grow-
ing predilection for a 3 ML repeat distance does appear
in the generalized susceptibility, though. Since the 3 ML
repeat distance is what is seen experimentally, the appro-
priate spanning vectors are shown in Fig. 6(b). The two
vectors connecting the jack centered on I' to the octahe-
dron centered on H have zero matrix elements in the bulk
susceptibility whether using the more approximate tight
binding ~ or the full LAPW (this work) basis set to rep-
resent the wave functions. While the appropriate matrix
elements for Z would be different, they would have some
of the same dependences, and so one can expect that
the contribution of these calipers would also be reduced—reservations against carrying such arguments too far
have already been given. The weak strength of the jack
states observed &om the dHvA measurements for the 2
ML repeat distance also apply here. Those two vectors
correspond to a 3 ML repeat distance although they are
actually longer than the nesting vectors that drive the 2
ML repeat distance. That is because they combine with
a —(100) reciprocal lattice vector to yield the shorter
vector —an example of aliasing. The remaining caliper
connects between the ¹ entered ellipses and actually
has the smallest mass factor (0.48 with a degeneracy of
4). These N-centered ellipses are the only surfaces which
contain significant s-p character. That will be seen to be
significant in the next section.

The remaining panel for the (110) direction of Mo fully
illustrates the &ustrating aspect of the Kohn-anomaly-
type analysis. About all it tells you is that anything
is possible. If one instead looks backwards and examines
the calipers with q's for an 0.2 inverse repeat distance (=
ll A.), one can gain some useful insight. Two calipers oc-
cur very close together: one at a q for 0.2l inverse layers
and one for almost precisely 0.20. The one at 0.21 con-
nects the body of the I'-centered jack to the ¹ entered
ellipse. It has an efFective mass of 0.58 with a degeneracy
of 2. The other has a mass of 0.68 also with a degener-
acy of 2. It, however, has another interesting feature in
that it is a vector interconnecting the lenses out along A.
This would be consistent with the long repeat distance
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found in Cr by involving the same Fermi surface piece.
It is thus tempting to hypothesize that the little lens sur-
face is particularly favorable as a carrier of the magnetic
information.

III. MODELING THE IMPERFECT SYSTEM

The experimentally realizable systems are not the per-
fect system assumed in the simplest model. The focus
of this statement is not on the problems of the interfaces
(and their effects incorporated through the factor Z) but
on the imperfect crystalline character of the spacer it-
self. That is not to imply that the interfaces are not
very important but instead to merely scope the prob-
lem. Given that there is a lattice mismatch and a work
function (read charge) mismatch across the interface in
almost all systems, it is not surprising that the spacer
should exhibit a wide variety of inhomogeneous strains,
dislocations, etc. Further, the rigors of preparing the sys-
tem make it very difFicult to provide the quality achieved
in bulk single crystal studies. These limiting factors will
all act to destroy phase coherence, and so it is not surpris-
ing that these macroscopic quantum oscillations should
appear only in the most favorable cases.

A useful feature of the transmission-medium treatment
discussed in the previous section is that it suggests a sim-

ple extension for the imperfect system. Following the
approach used by people studying the temperature vari-
ation of RKKY interactions in rare earths, one merely in-
serts a scattering length; actually, the easiest way to pro-
ceed in this case is to introduce a Dingle-Robinson-like
temperature. That is, one replaces T by (T + T*) in Eq.
(15) for the coherence length L where T" is basically an
inverse effective scattering time reflecting the Fermi sur-
face broadening about the two end points of the caliper.
One could extract information to make some estimates
for T* &om alloy calculations but the primary interest is
in strain efkcts rather than the substitutional impurities
normally studied. However, it is extremely tempting to
assume that inhomogeneous strains will produce effects
varying in a similar manner as those of the substitutional
impurities since the essential feature is localized (d s) ver-
sus delocalized (s-p's). dHvA studies for substitutional
impurities in Mo ' indicate that the Dingle tempera-
tures are approximately constant over all pieces of the
Fermi surface but that it is a factor of 2 smaller on the
¹entered ellipses. (The results for the X ellipses are
calculational since experimental limitations precluded an
accurate experimental determination. ) This is precisely
what is assumed by people doing high temperature trans-
port calculations.

Insight can be gained from a simplified simulation.
The asymptotic analysis being made is only applicable
for "large z" and z/L -+ 0. T* must be small or L
will be reduced from its assumed infinite size to a value
where z/L is large. The F factor would then become
significant and introduce a damping factor which would
be approximately an exponential decay. One can Bow
introduce the idea that the 8 and p states will scatter
far less than the d states and the oscillations involving

the s-p states will persist but those involving d states
will be damped out. Accordingly, one examines a revised
weight factor that multiplies the (mass x degeneracy)
weight by the factional 8-p character at each end of the
caliper vector. The 8-p character is estimated consider-
ing only the wave function character within the mufIin
tin sphere (which will underestimate the relative amount
of s-p character). Since only qualitative insight is sought,
it is adequate. Because the groups VB and VIB mate-
rials are predominantly d character at the Fermi energy,
such a procedure will drastically reduce the possibilities
predicted strongly favoring the N-centered ellipses. The
two interesting cases are shown in Fig. 8.

One other point ofI'ers an interesting possibility. I
has the efI'ective velocity v, in the numerator. Obviously,
the scattering (T*) can be much larger and not reduce
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the size of L if the effective velocity is also much larger.
This is closely related to the empirical observation that
when dHvA measurements are made on less perfect sam-

ples, it is the small, light mass Fermi surfaces which can
still be seen. (An interesting consequence of this pos-
sibility is that the X pockets in the heavier transition
metals might be favored surfaces for producing the span-
ning vectors observed. ) In the case of the caliper vectors,
what this means is that one would like to have nesting
or near nesting —i.e., large inverse curvature factors r—but also large velocities. The large velocities will help
increase the size of the coherence length but will decrease
the size of the effective mass parameter m* . This is the
probable origin of the fact that there is very little cor-
relation of the observed &equencies to the weights given
in Figs. 5 and 7. Because the s-p states also have larger
velocities, the same two cases of Fig. 8 are the ones with
the large effective velocities as shown in Fig. 9.

A. Nb

In the Nb (110) direction, only the 4 and 10 ML repeat
distances remain but no further distinction can be made
between these persisting calipers on the basis of their
wave function character: The two calipers at 10 ML span
the ellipse while the caliper at 4 ML spans &om one el-

lipse to another, and so they both contain s-p character.
However, from the efFective velocities [Fig. 9(a)], one sees
that the 4 ML repeat distance has the significantly larger
efFective velocity. So the picture can be made consistent.
One other interesting feature is the disappearance due to
this construction of the saddle point (S) caliper that was
sensitive to the empirical d shift. That caliper involved
the I'-centered piece, which in Mo would be the electron
jack, and so its vanishing could be considered consistent
with the weak dHvA signals reported for the Mo jack.

o sd"O

0.40.

&0.30
8)

~
&
I
g 0.20

LU

0.10

0.00
0.0

Od'"

Inverse Monolayer (d=2.33)
O.J 0 O.go O.PO

M s lA

s

s

0.2 0.4 0.6
q &110&~/a

Inverse Monolayers (d=1.57)
0.~0 p.go 0.yO

s

0.40

0.8

0.40

0.50

1.0

0.50

B. Mo (100)

For Mo in the (100) direction, only the 3 and 4 ML re-
peat distances remain. The 2 and 5 ML repeat distances
have been eliminated. One can even push the analysis
farther. The persisting 4 ML repeat distance only re-
mains because the wave function at one end of the span-
ning vector is very strongly of s-y character and, using
this crude index, it makes up for the very weak s-p char-
acter at the other end. The repeat distance couples the
¹entered ellipse with the knob of the I'-centered jack.
The jack wave function only has about 5% s-p character
mixed into the wave function. It seems unlikely that such
a caliper could persist. (Note the weak signal of the jack
occurring again. ) On the other hand, the retained caliper
at 3 ML connects two ¹entered ellipses with both wave
functions involved about 2/3 s-p character; and, as seen
in Fig. 9(b), its velocity is roughly twice the mean ve-
locity of the other calipers. Here, too, it would appear
that the picture can be considered quite consistent. As
a footnote, it can be added that preliminary calculations
for the perfect Fe/Mo system do find the 2 ML repeat
distance instead.

0.4.

8

0.2

m mS

s+

M
s

0.0
0.0 0.2 0.4 0.6

q &200& vr/a

0.8 1.0

FIG. 9. Effective velocities of the Kohn-anomaly caliper
points for (a) Nb (110), (b) Mo (100).

C. Mo (110) and Cr

This analysis does not explain, nor is it applicable to
either Mo (110) or Cr where it has already been estab-
lished that the calipers involve d states. In the case of
the 2 ML short wavelength (100) oscillation of Cr, the
relevant feature is that the lattice mismatch is small and
the material of very high quality —not the incipient
antiferromagnetism. For a very high quality system, the
arguments given above for requiring s-p character or high
effective velocity do not as clearly apply. Although the
interfaces may be rougher for the 18 A. repeat distances
seen in Cr, the lattice mismatch is no worse. One can
expect scattering not to be such a strong issue in those
cases just as in the case of the 2 ML repeat distance.
This probably also is the case for Mo in the (110) ori-
entation —which, though textured, is of extremely high
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quality. So examining the effects of scattering is not as
informative for these systems.

One can, however, make an interesting prediction for
Cr in the (100) direction. If the material quality not
the interface alone —were to be degraded, then one
would expect the same 3 ML repeat distance as for Mo
(100). The s-p selection of the 1V-centered ellipses due
to reduced scattering is just as strong and the enhance-
ment of the effective velocity for that caliper is even more
pronounced. By finding a magnetic layer with significant
lattice mismatch, one would expect this 3 ML repeat dis-
tance to replace the 2 ML distance.

IV. DISCUSSION

The intent of this work was to focus as much as possible
on the spacer as a transmission medium. The natural
consequence is that the basic analysis is a tabulation of
Fermi surface calipers associated with Kohn anomalies
in phonon spectra. When the project was initiated, a
primary intent was to demonstrate that the resulting list
of possible repeat distances would be so exhaustive as to
be uninteresting. That expectation was fully realized for
these three materials. The local joint density of states
represented as an effective mass parameter has been seen
to have marginal, if any, predictive power as to which
possible repeat distance will actually be present. For
the simple model system, nothing has been done here to
improve that situation.

A great deal of progress can be made for the Nb and Mo
spacer systems by realizing that they are not very perfect
systems due to significant lattice mismatch, and so it is
necessary to account for scattering. One approach is to
minimize the scattering effects (minimize T*) which can
be achieved by selecting states with significant 8-p char-
acter. This proved useful for Nb (110) and Mo (100).
(The predominance of s-p character in Cu makes such
considerations far less significant for Cu, as well as for
the other noble and simple metals. ) In Cr, the exchange
enhancement proves not to be the significant factor but,
instead, it is the greater material quality achievable that
makes it special. Thus the Cr (100) short period ap-
pears at 2 ML in spite of the fact that it involves mostly
d character. The reduced nesting coupled with the lat-
tice mismatch producing an inhomogeneous (scattering)
system selects against the d states of the jack and octahe-
dron thereby eliminating the 2 ML repeat distance in Mo
and also elimi. nates the 4 and 5 ML response that would
otherwise occur. This provides an explanation for Mo ex-
hibiting a 3 ML repeat distance. Changing the magnetic
layer to induce lattice mismatch should cause Cr to also
exhibit a 3 ML rather than 2 ML repeat distance.

The calipers involving significant 8-p character are also
more resistant to dephasing by scattering because their
efkctive velocities are generally larger. The requirement
is for large e6'ective velocity, not that the states be of 8-p
character, and so it could occur for d states as well. A

large effective velocity (to reduce dephasing) will —ex-
cept in the case of nesting or near nesting —correspond
to reduced effective mass (or phase space). This offers an
explanation for the local joint density of states (effective
mass m') demonstrating very little predictive power. If
scattering is not as damaging for calipers with high veloc-
ities, it will cause the system to select them, and retain
coherence, over those with larger effective mass, and in-
crease phase space.

8-p selectivity also helps understand the predominance
of repeat distances in the 9—11 A. range and the increased
strength of the coupling towards the right-hand side of
the transition series. The main arguments for this pre-
dominance are, of course, the observational diKculties
for the long periods and the cutoffs for short periods
produced by form factors and roughness. 8-p selectiv-
ity also selects for q's in the middle regions of the BZ.
One near constant for transition metals is that they have
roughly one nearly free electron (NFE or s-p) because the
d-bands position in the middle of the NFE band slowly
sinking to accommodate the additional d electrons as one
proceeds across the series. This is the significance of the
name transition series. The result is that the s-p charac-
ter will show up nearer the middle of the BZ. The argu-
ment is weak but observations &om the data shown and
a great deal not shown here suggest that it is indeed the
case. As for the coupling strength increasing towards the
right-hand side of the transition series, observe that the
Fermi energy is moved out of the Fano antiresonance as
the number of electrons is increased.

The calipers involving the lenses in Mo and Cr involve
a different mechanism since the wave functions involved
are of very nearly pure d character. Little can be said
other than to note that the calipers involve the rim of
the lens where the t2s(mr = +2) state is mixing with the
es(mr = 0) state. Accepting the hypothesis that these
calipers are robust, then Mo (110) becomes consistent
with the uniform long wavelength oscillations for Cr in
the (100), (211), and (110) directions.

One feature that could be looked at more carefully to
understand the properties of the spacer as a transmission
medium is the decay of the coupling strength. The simple
geometrical aspects of the Kohn-anomaly calipering are
already of interest: a 1/z2 decay being appropriate to a
point singularity, a 1/zs~z decay appropriate to a line of
singularities, and a 1/z to full planar nesting. Can such
3D continuum results be carried over to the finite sized
multilayers with any utility? Certainly it is only valid
in the large z regime —which is all the approach can
be used for. Then, can one also detect I" eR'ects? The
phase, on the other hand, should primarily be a property
of the interface and interesting as such.

What is to be made of this argument that the site den-
sity being different within the planes and perpendicular
to the planes can induce a signal from a reflected posi-
tion in the BZ? This would only apply to the (100) direc-
tion of Cr. Because one would need a structured interac-
tion to induce an umklapp-type interaction as we)I as an
interface-blurring interaction, the effect would be mod-
erately weak. One would need a strong instance of the
effect for it to be observed. That strong instance could,



50 MAGNETIC MULTILAYERS WITH (Nb, Mo,Cr) SPACER MATERIALS 289

of course, best be the nesting observed in Cr. However,
because the long oscillation is observed in multiple di-
rections, this eKect very probably cannot be its primary
explanation. But does it contribute in the Cr (100) di-
rection? The answer lies in the rate of decay because
a "refiected interaction" would retain the slower decay
rate. One cannot claim to see much evidence of that in
the data [although the coupling is stronger at large dis-
tances in the (100) direction than in the (211) direction].
So this is probably an interesting idea yet without an
application.
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