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Evolution of the Fermi surface and the oscillatory exchange coupling across Cr
and Cr-based alloys
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A comprehensive investigation of the Fermi surface topologies of a series of Cr12xVx and Cr12xMox alloys
highlights the role of nesting in determining the periods of the oscillatory exchange coupling observed in
multilayer systems. The long-standing controversy over the origin of the long-period oscillations across Cr and
Cr-based alloys is resolved, with the evolution of one dimension of theN-hole ellipsoid Fermi surface sheet
being directly associated with the evolution of the period.
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In recent years the oscillatory magnetic exchange c
pling in multilayer systems~magnetic layers separated b
thin nonmagnetic spacer layers! has generated intense r
search activity,1 due to the ‘‘giant magnetoresistance
~GMR! ~Ref. 2! observed in these materials, which mak
them technologically relevant to the development of n
magnetoresistive devices. The exchange coupling cause
magnetization vectors in each magnetic layer to oscillate
tween antiferromagnetic and ferromagnetic alignments, w
a periodicity that depends on the type and thickness of
material used in the intervening spacer layers. Spacer m
rials which show this behavior include transition meta
noble metals, and transition-metal alloys, with periods m
commonly measured in the range 8–12 Å, except for C
;18 Å in addition to a shorter period of;4 Å.3 In this
paper, we present the results of a comprehensive pos
annihilation study which shows that the size of a particu
feature in the Fermi surface~FS! of Cr known as theN-hole
pocket~and its evolution under alloying with Mo and V! can
be directly linked with the long-period oscillatory exchan
coupling~OEC! in the Fe/Cr12xMox /Fe and Fe/Cr12xVx /Fe
GMR systems.

While the details of the various theoretical approach
aimed at understanding this OEC can be broadly divided
Ruderman-Kittel-Kasuya-Yosida-based4 and quantum-well5

models, there is a general consensus that the phenomen
associated with conduction electron spin-polarizat
‘‘waves’’ governed by the FS of the spacer material. T
oscillation periodsl are assumed to be directly connected
an extremal vector of lengthQ ~perpendicular to the layers!
in the ~bulk! FS of the spacer metals (l52p/Q), whereas
the amplitude is believed to be a joint property of both t
magnetic and the spacer layers.6 The short-period oscillation
in Cr is thought to be associated with the ‘‘nesting’’ of th
G-centered electron octahedron~see Fig. 1! and theH-hole
octahedron~also the origin of the familiar spin-density wav
in Cr, Ref. 7!. However, the origin of the long-period osci
lation has been a source of controversy,8–11 in that the peri-
ods are vastly different with Cr and isoelectronic Mo
spacer layers and that the period of oscillation reduces in
same fashion to the lower values for spacer layers of Cr-
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and Cr-V alloys with increasing Mo and V concentration
Recent theoretical predictions have led to the common o
ion that the long-range OEC with the transition metals a
their alloys are driven by the ellipsoidalN-hole pockets,12–16

but an experimental verification of these has remained
sive until now. Given the sensitivity of the oscillation period
to extremal FS calipers and the acknowledged limitations
local-density approximation~LDA ! calculations for the 3d
transition series with respect to the relative positioning of
s-p and d states,14 experimental verification is essentia
Principally owing to the lack of a suitable probe, the alloy F
topologies have not been previously measured.

The occupied momentum states, and hence the FS, ca
accessed via the momentum distribution using the tw
dimensional angular correlation of electron-positron ann
lation radiation~2D-ACAR! technique.17 A 2D-ACAR mea-
surement yields a 2D projection~integration over one
dimension! of an underlying electron-positron momentu
density,r(p). In a metal, the presence of the FS is revea
by discontinuities in this distribution at the pointspF5(kF

FIG. 1. ~Color online! The calculated FS of pure Cr, showin
~left! the hole sheet~dark! and the small electron lenses alongG-H
~light!, and~right! the electron ‘‘jack’’~octahedron with knobs!.
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FIG. 2. ~Color online! Evolution of the FS projected along@110# from LCW-folded BZ occupancies for~a! Cr, ~b! Cr0.95V0.05, ~c!
Cr0.85V0.15, ~d! Cr0.7V0.3, ~e! Cr0.25V0.75, ~f! V, ~g! Cr0.85Mo0.15, and~h! Mo. The occupancies are represented on a grayscale intensity
where the lighter shades correspond to higher occupancy. The labels refer to the symmetry points which along the@110# direction are
projected onto each other. TheN-hole ellipsoids can be identified as areas of low occupancy~dark shades!, where along the@110# direction
the N point is projected onto itself (N-N).
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1G), where an electron band crosses the Fermi levelEF .
Tomographic methods can be used to reconstruct the full
momentum density from a series of measured
projections.18 When the FS is of paramount interest, t
Lock-Crisp-West procedure19 ~‘‘LCW-folding’’ ! is often fol-
lowed. Here the various FS discontinuities are superimpo
by folding r(p) ~or its measured projections! back into the
first Brillouin zone~BZ!. The result is a newk-space density,
which aside from a modulating factor~usually a weak func-
tion of k) is simply the electron occupation density~or its
projection along the spectrometer axis!. The FS topology can
then be extracted by using a ‘‘zero-contour’’ edge-detect
method based on maximum-entropy deconvolution, and
scribed fully in Refs. 20 and 21. This well-established te
nique has recently been used by some of the present au
to determine the FS topology and identify nesting feature
a wide range of systems.21–23 The virtue of the 2D-ACAR
technique in such studies is that it revealsdirectly the shape
of the FS.

To assist in our analysis, momentum densities were
culated using the linearized muffin-tin orbital~LMTO!
method within the atomic sphere approximation, includi
17440
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combined-correction terms.24,25 In addition, self-consisten
Korringa-Kohn-Rostoker calculations of the alloy electron
structures were made within the coherent potential appr
mation ~KKR-CPA!.26

The results presented here comprise three complemen
sets of analyses. First, the@110# 2D-ACAR projections for a
wide range of compositions of Cr12xVx and Cr12xMox al-
loys were measured and the obtained LCW-folded distri
tions are shown in Fig. 2. This demonstrates the evolution
the various FS features, especially theN-hole ellipsoids
~sinceN projects ontoN along the@110# direction and thus
this feature is unobscured!, which can be seen to evolve i
both shape and size when Cr is alloyed with V and Mo. Al
as predicted by the KKR-CPA calculations,16 they remain a
well-defined feature in spite of the substitutional disorder

Investigating the evolution of the size of theN-hole ellip-
soids in projection~Fig. 2! provides us with a trend in shap
and size across the different concentrations, but it is not
ficient for determining the actual size of this FS featu
since only an average caliper~averaged over the ellipsoid!
can be extracted. For an investigation of the FS dimension
is therefore necessary to tomographically reconstruct the
6-2
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EVOLUTION OF THE FERMI SURFACE AND THE . . . PHYSICAL REVIEW B 69, 174406 ~2004!
3D momentum densities and LCW-folded occupancies in
first BZ. In our second analysis we carried out such a
reconstruction from a series of projections~5–6! for three
particular compositions, viz., pure Cr, Cr0.7V0.3, and
Cr0.85Mo0.15.27 The FS was then extracted and is shown
Cr0.7V0.3 in the top half of Fig. 3, along with our KKR-CPA
calculation. The agreement of this contour with the shape
the KKR-CPAH-hole octahedron is excellent. The implic
tion is that the topology of the octahedron is well describ
by the LDA calculations, an important result given the rec
interest in Cr12xVx as a nested system close to a quant
critical point.28 However, there is an important disagreeme
in the shape of the ellipsoids which, in the reconstruc
density, appear much more spherical than the calculation
dicts, a result supported by previous Compton scatte
measurements.29

It has previously been suggested that a rigid-band mo
can be meaningfully applied to the electronic structure
Cr12xVx alloys.14 With this assertion in mind, in our fina
analysis procedure, FS topologies were directly obtai
from the measurements of Cr, Cr0.7V0.3, and V by applying a
fitting procedure of the calculated electron-positron mom
tum density to the data. In this procedure the three parti
occupied electron bands from the LMTO calculation are
lowed to be populated up to a different Fermi energy, and
each shift ofEF the corresponding electron-positron mome
tum density is determined. Since the FS information is c
tained in the anisotropic part ofr(p), the so-called radia
anisotropyR(px ,py) is constructed by subtracting from th
data@a 2D projection ofr(p), N(px ,py)] its radial average,
i.e.,

FIG. 3. The holelike FS~octahedra atH and pockets atN) of
Cr0.7V0.3 in the ~100! plane. The solid lines represent the FS o
tained using the zero-contour method on the reconstructed ex
mental data~top half of figure! and from the fit to the anisotropy o
the LMTO electron-positron momentum density~bottom half of
figure!. The crosses are the KKR-CPA calculation for this comp
sition, and the size of each cross indicates the amount by which
FS is smeared out ink space due to the substitutional disorder~Ref.
35!.
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R~px ,py!5N~px ,py!2N~px ,py!up5const. ~1!

This quantity is very sensitive to the position of the Fer
level within each band~and through these to the FS topo
ogy! and thus by simultaneously fitting the radial anisotr
pies of the calculated spectra to those of all the measu
projections for a particular composition, a set of rigid-ba
shifts was obtained, which corresponded to the best ag
ment between the calculated and measured FS topolo
The details of the procedure can be found in Ref. 30. A
check, the occupied fractions of the BZ for the shifted ban
were correct to better than 0.02 electrons. Moreover, in V,
resultant Fermi level shifts significantly improved the agre
ment of the ellipsoid areas with de Haas–van Alphen~dHvA!
experiments,31 with the original LMTO calculation overesti
mating them by more than 10%, and our fit underestimat
by just over 1%. The extremal FS vectors originating fro
the fit could be directly extracted from the shifted band str
ture. The fitted FS of Cr0.7V0.3 is shown in the bottom half of
Fig. 3. The shape of theH-hole octahedron is almost ident
cal to that predicted by the KKR-CPA~and the zero contou
from the reconstruction in the top half of Fig. 3!. Although
the N-hole ellipsoid strongly resembles the KKR-CPA pr
diction ~indicating how rigid-band-like the electronic struc
ture is!, there is of course disagreement with the zero cont
from the reconstruction, since the rigid-band mechani
only allows for the shape of the ellipsoids to change in
restricted manner. It is particularly interesting that as a re
of this rigid-band fitting procedure the ‘‘lens’’~the small
electron pocket inside the knob of the electron jack alo
G-H) was detected. This is the first time, to our knowledg
that this FS sheet has been seen in a positron annihila
experiment. The fit results show that the lens is still pres
at a V concentration of 30%, whereas calculations sugge
should have disappeared.14 The size of the lens had earlie
made it a popular source of the 18 Å period in multilaye
with Cr.8,10,32However, as calculations predicted that it di
appears at V concentrations of around 15%~Ref. 14! its
popularity waned in favor of theN-hole pockets. Even
though the current results show that it is robust~as far as
30% V!, it certainly does not get any larger which would b
necessary to explain the decrease in period. Moreover,
other factors counting against it~i.e., the low joint density of
states for the lens and its pured character12–14! still apply.
The positron experiment is not able to resolve the chara
of the states on the FS, but our calculations are in agreem
with other studies~e.g. Ref. 14! in indicating the pured
character of the lens and thep-d character ('10% s, 70%
p, and 20%d, and rather insensitive to the alloy concentr
tion! of the N-hole ellipsoids.

A summary of the oscillation periods corresponding to t
various calipers obtained from the reconstructions and rig
band fitting procedures, together with the multilayer perio
for alloys with V and Mo~taken from Lathiotakiset al.16,33!,
are plotted in Figs. 4 and 5. The KKR-CPA calculations
Lathiotakis et al.16 have indicated that extremal vecto
alongN-H andN-G both evolve in a manner which is qual
tatively in agreement with the observed@110# oscillation
periods,9 with the N-H caliper also agreeing quantitatively
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R. J. HUGHESet al. PHYSICAL REVIEW B 69, 174406 ~2004!
Contrary to these calculations, our data show that the e
soid axisN-H is larger thanN-G, and under alloyingN-H
eventually becomes smaller thanN-G. It is worth noting that
for geometric reasons the dHvA experiments31,34 are unable
to determine which is the larger axis. This evolution stron
suggests that theN-G caliper could be associated with th
oscillation period. Since the calculated band structure at h
Cr concentrations predicts a different shape for theN-hole
ellipsoids from the experiment~Fig. 3!, and given the domi-
nant influence of the hole octahedron and electron jack
determining the anisotropy, the rigid-band analysis can o
indicate the trend. However, in V where the experimen
ellipsoid orientation is in accord with calculation and its ar
in excellent agreement with dHvA experiment,31 the G-N
caliper closely matches the multilayer period~Fig. 4!.

The shortening of the observed oscillation period in
Cr12xMox alloy series has previously been something of
enigma. Lathiotakiset al.33 have suggested that owing to th
large lattice constant mismatch between Fe~2.867 Å! and

FIG. 4. Evolution of the oscillation period in the Fe/Cr12xVx/Fe
multilayer system~data are taken from Ref. 16!, and from the cali-
pers of theN-hole ellipsoids along different directions.
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Mo ~3.148 Å!, the structure of the alloy is likely to be dis
torted. They showed that agreement between the oscilla
periods and theN-hole ellipsoid evolution could be achieve
if they performed all their KKR-CPA calculations at the F
lattice constant. However, our results suggest that the ev
tion of the experimentally measured FS with increasing M
concentration is sufficient to explain the trend.

In conclusion, the FS topologies of a series of Cr-V a
Cr-Mo alloys have been investigated in order to detect
particular piece thought, through its nesting, to be resp
sible for the oscillatory exchange coupling in Fe/Cr12xVx /
Fe and Fe/Cr12xMox /Fe multilayers. The evolution of the
N-G caliper of theN-hole ellipsoids is shown to correlat
closely with the experimentally observed periods.

We wish to thank A.A. Manuel for making his dat
(Cr0.25V0.75) available. We acknowledge the financial supp
of the UK EPSRC and the Royal Society~S.B.D.!.

FIG. 5. Evolution of the oscillation period in the
Fe/Cr12xMox /Fe multilayer system~data are taken from Ref. 33!,
and from the calipers of theN-hole ellipsoids along different direc
tions from 2D-ACAR measurements and dHvA experiments~data
from Ref. 36!.
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