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Fermi-surface geometry of the Cu–27.5 at. % Pd disordered alloy and short-range order
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The Fermi surface of the disordered phase of Cu-27.5 at. % Pd alloy is three-dimensionally mapped out from
high-resolution Compton scattering data. In reference to the well-known Fermi surface of pure Cu, the neck
disappears and the belly becomes flattened in the@110# direction in the alloy forming a set of parallel sheets.
The obtained@110# Fermi radius is in good accord with the value indirectly determined from the separation
along the@110# direction between the x-ray diffuse scattering peaks. The results are regarded as the experi-
mental evidences to support the previous theoretical predictions that the pair of the parallel sheets of the Fermi
surface drives the short-range order in this disordered phase.
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I. INTRODUCTION

Several theoretical and experimental studies have fo
that the geometry of the Fermi surface drives a variety
ordering phenomena such as magnetic ordering in the
earths and their alloys,1–3 compositional ordering in binary
alloys,4–6 and magneto-oscillatory coupling in magne
multilayers separated by nonmagnetic spacer layers.7 The
theory indicates that the ordering is governed by the nes
of specific sheets of the Fermi surface in the disorde
states. Nesting describes the coincidence of two appr
mately parallel Fermi surface sheets when translated by s
distance ink space. In the presence of nesting the disorde
phase becomes unstable to an ordering modulation wh
period is inversely proportional to the relevant nesting v
tor. Regarding the compositional ordering in binary allo
the Cu-Pd system is a traditional touchstone and has bee
subject of extensive investigations because the system ex
its a large variety of ordered phases and short-range ord
the disordered phase.8 Of special interest and immediate re
evance to the present subject is the short-range order w
is directly observable as diffuse scattering peaks in the x-
neutron, and electron diffraction.9 The previous explanation
of the diffuse scattering peaks is based on the Clapp-M
formula4,5 for the short-range order parametera(k)5@1
12mAmBbW(k)#21, where W(k) is the lattice Fourier
transform of a pair-wise interchange potential,mA and mB
are the fraction ofA and B atoms in the alloy, andb
5(kBT)21, wherekB is the Boltzmann constant andT is the
temperature. The diffuse scattering intensityI (k) is propor-
tional toa(k). The suggestion of Moss10 is thatW(k) can be
calculated in perturbation theory to second order in
electron-ion potential and hence is proportional to the o
electron susceptibilityx0(k) which can peak atk0’s that con-
nect parallel flat segments of the Fermi surface leading
peaks ina(k) and I (k) at k0. Then, the separationm along
the @110# direction between the diffuse scattering peaks
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related to the Fermi radius in the@110# direction,kF@110#, as

m5A224kF@110#, ~1!

where bothm and kF@110# are measured in units of 4p/a
anda is the lattice constant. Later, Gyorffy and Stocks6 pre-
sented an alternative theory which was free from the assu
tion of pair potentials and second-order perturbation the
They adapted the density-functional approach for class
liquids to a lattice-gas model of alloy configurations. T
theory concludes, in accord with the suggestion of Moss,
when there are well defined bands and well defined
sheets of the Fermi surface, the diffuse scattering inten
will peak atk0’s which connect these flat sheets. Using t
KKR-CPA scheme, they calculated the Fermi surface on
GXWK plane in the first Brillouin zone for CuxPd12x (x
50.9, 0.75 and 0.6! and showed the increasing flattening
the Fermi surface in the@110# direction with increasing Pd
content. The diffuse scattering in the Cu-Pd system was s
ied extensively by Ohshima and Watanabe.11 ThekF@110# of
CuxPd12x (x50.9, 0.75 and 0.6! obtained by Gyorffy and
Stocks are right on the curve ofm vs Pd concentration mea
sured by Ohshima and Watanabe when thekF@110# ’s are
converted tom by Eq. ~1!.

Direct experimental studies of the radii of the Fermi su
face of the Cu-Pd alloys were reported by Hasegawaet al.12

using positron annihilation with crossed- and long-slit geo
etry, and by Smedskjaeret al.13 using the same method bu
with 2D-ACAR geometry. The latter accompanied the resu
of the KKR-CPA calculations which were in excellent agre
ment with the experimental results. When the Fermi surf
radius kF in a given direction was normalized by th
Brillouin-zone dimensionkBZ along the same direction, i
was found experimentally as well as theoretically that b
@100# and@110# radii decreased almost linearly with Pd co
centration. However, the two experimental results differ
that the slope for the@100# radius of Ref. 12 is a little gentle
©2001 The American Physical Society32-1
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than that of Ref. 13, and that for the@110# radius of Ref. 13
is much steeper than that of Ref. 12. Smedskjaeret al. have
concluded that the more rapid decrease ofkF /kBZ with Pd
concentration in the@110# direction compared with that in th
@100# direction indicates a flattening of the Fermi surface
the vicinity of @110# upon addition of Pd. However, bot
experimental and theoretical results gave the radii of o
two directions and do not show how far the flattening e
tends in the directions perpendicular to the@110# directions.
In addition, it is noted that there is a discrepancy on the@100#
radius between the two theories. Reference 6 gives a la
value by about 6% than Ref. 13 at 25 at. % Pd. Furth
disappearance of the neck in the alloys of Pd concentra
above 20 at. % was inconclusive in Ref. 12. The iss
is, therefore, to settle the discrepancy between two exp
mental results and to evaluate the two theoretical res
by obtaining new direct experimental information about t
three-dimensional geometry of the Fermi surface of the
loys.

The aims of this paper are to present the Fermi surface
Cu-27.5 at. % Pd in the disordered phase and pure Cu a
reference obtained by Compton scattering, and to show t
dimensionally that the Fermi surface of the alloy is inde
flattened in theG-K direction.

In a Compton scattering experiment one measures the
called Compton profile,14

J~pz!5E E r~p!dpxdpy , ~2!

wherepz is taken along the x-ray scattering vector and

r~p!5~2p!23(
i

U E c i~r !exp~2 ip•r !drU2

~3!

is the ground-state momentum density of the electron s
tem, expressed in terms of the electron wave functionsc.
The summation in Eq.~3! extends over the occupied state
Thus the Compton profile contains signatures of the Fe
surface breaks in the underlying three dimensional~3D! mo-
mentum densityr(p). Unlike traditional spectroscopies fo
studying Fermiology, Compton scattering is not sensitive
structural disorders, which makes this technique particula
suitable for investigating electronic structure of disorde
alloys. One disadvantage easily seen in Eq.~2! is that the
profile is a twice integrated quantity of the 3Dr(p) and thus
the Fermi surface breaks may not be well resolved. T
disadvantage, however, can be overcome by reconstruc
r(p) from the profiles measured along a series of directio
The method first used to reconstructr(p) from Compton
profiles or one-dimensional positron annihilation angu
correlation spectra was formulated by Mijnarends15 who, in
the vein of Cormack’s approach,16 expanded bothr(p) and
the measured profiles into lattice harmonics and derive
relation between the two expansions. Another way to ob
r(p) is to utilize the properties of the so-called reciproc
form factor

B~r !5E r~p!exp~2 ip•r !dp. ~4!
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From Eqs.~2! and ~4! we get

B~0,0,z!5E J~pz!exp~2 ipzz!dpz . ~5!

WhenJ(pz) for pz set along many different crystalline axe
are measured, the values ofB(r ) can be obtained on the line
in real space which are parallel topz . From there onward we
can follow two different approaches to obtainB(r ) in all of
r : Either we expandB(r ) into a set of appropriately chose
basis function as proposed by Hansen17 and applied to Li by
Schülke et al.18 and to Li-Mg disordered alloys by Stut
et al.,19 or we straightforwardly mapB(r ) in r space by in-
terpolation. The latter method is called the direct Four
transform method. OnceB(r ) is known, the inverse Fourie
transform can be carried out to obtainr(p). The direct Fou-
rier transform method was first applied to reconstruct the
electron-positron momentum density from the 2D angu
correlation of positron annihilation radiation measured
Suzukiet al.20 on Ti and Zr. Later, the method was applied
reconstruct the 3D spin-dependent momentum density f
magnetic Compton profiles of Fe by Tanakaet al.21 Recently
the method was also applied to a study of the Fermi surf
of Li by Tanakaet al.22 Some words for other reconstructio
methods are appropriate. Cormack’s method was develo
further by Kontrym-Sznajdet al.,23 and applied by Dugdale
et al.24 to the reconstruction of the 2D electron momentu
density of Cr from several directional Compton profiles. T
essential of Cormack’s method is the expansion of b
Compton profiles and momentum density into polar Four
series. Lastly, the maximum entropy method, which is
ready an established method in the field of charge-den
reconstruction, was adapted to momentum density rec
struction by Dobrzynski and Holas.25 In this study we em-
ploy the direct Fourier transform method because the met
makes no implicit functional assumptions concerning
shape ofr(p).

II. EXPERIMENT

Single crystals of Cu-27.5 at. % Pd with surface norm
oriented along the@100#, @110#, and @111# directions were
used. The disordered phase was secured by quenching
specimen into iced water after annealing at 600 °C for
days. The Compton profiles have been measured at
PF-AR NE1A1 beamline of the KEK, where for the incide
beam 60 keV x-rays are available with a rate of 1.531013

photons/s. The Compton spectrometer26 is unique in design
and consists of four independent analyzing systems arran
on the surface of a cone that provides a scattering angl
160° to all of the analyzing system. Each analyzing system
equipped with a triangular Cauchois-type Si~422! crystal
analyzer bent to a radius of 2.5 m and an image plate a
position sensitive detector. The reader is referred to Sak
et al.26 for the details of the spectrometer. Two of the an
lyzing systems are used for the present measurements, o
the horizontal and the other in the vertical position view
from the base of the cone, to obtain 28 directional profil
The directions along which the Compton profiles were m
sured are shown in Fig. 1 using the irreducible orientat
2-2
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FERMI-SURFACE GEOMETRY OF THE Cu–27.5 . . . PHYSICAL REVIEW B 64 195132
triangle. The directions were so chosen that the neck atL and
the@110# radius of the belly could be determined as precis
as possible. As the reference, the profiles of pure Cu w
also measured along the same directions as those of the
The overall instrumental resolution was 0.13 atomic un
~a.u.! in full width at half maximum~FWHM!. The total
accumulated counts under each profile was about 1.23108.
The measured profiles were corrected for the necessary
ergy dependent corrections such as absorption, detector
analyzer efficiency, and scattering cross section. The co
bution of double scattering was estimated by a Monte Ca
simulation programmed by Sakai.27 The ratio of the total
intensity of double scattering to that of single scatter
turned out to be 0.035.

The standard deviations~error bars! were evaluated as
follows. The data stored in the image plate contain err
originating in the photon counting process, in addition
errors introduced by the read-out system. The latter er
depend mainly on the stability of the laser and the uniform
of the photostimulable phosphor in the image plate, and
been estimated to be about 0.5% ofN0 counts by Ito and
Amemiya.28 The total standard deviations for N0 counts, a
typical of which at the Compton peak is about 63105, is
given by

s5AN010.0053N0 . ~6!

The method of calculation of error propagation is the sa
as that Tanakaet al.22 developed.

The diffuse scattering peaks around the~330! Bragg spot
have been measured using a conventional four circle diff
tometer. The separationm along the@110# direction between
the diffuse scattering peaks is 0.10860.0017 in units of the
distance between the~000! and~002!, that is 4p/a, wherea
is the measured lattice constant. The present value is righ
the curve ofm vs Pd concentration obtained by Ohshima a
Watanabe.11

III. RECONSTRUCTION

The valence electron profile is obtained by subtract
from the corrected profile the core electron contributio
which are assumed to be given by the weighted sum of
oretical profiles of electrons from (1s)2 to (3p)6 of Cu atom

FIG. 1. The directions along which the Compton profiles of bo
pure Cu and Cu-27.5 at. % Pd alloy are measured are represent
the full circles in the irreducible orientation triangle of cubic sym
metry.
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and from (1s)2 to (4p)6 of Pd atom calculated by Bigg
et al.29 Each valence electron profile was Fourier tran
formed to aB function. Inevitably theB function had some
high frequency components due to the statistical err
and noises produced in the process of reading out
image plate. To reduce unwanted high frequency com
nents, a filtering function has to be applied. We examin
various types of filtering function in the test reconstructi
of the 3D stepwise free electron momentum dens
with a cutoff at 0.76 a.u., which corresponds to the aver
radius of pure Cu Fermi surface, by assigning one parab
profile to twenty different directions. The following
filtering function was found best to reproduce the stepw
momentum density without introducing ripples at th
cutoff.

Bfilterd~ iDz!5B~ iDz!~N2 i !/N, ~7!

where N represents the total number of points onz axis
andDz is the distance between two points. However, app
ing the function inevitably introduces an extra resoluti
of 0.02 a.u.~FWHM!. Hence the overall momentum resolu
tion due to the instrumental resolution and the filteri
becomes 0.145 a.u.~FWHM!. For interpolation the following
scheme is used. The value ofB at an arbitraryr is given
as

B~r !5A@a21Bi~r1!1b21Bj~r2!1c21Bk~r3!#. ~8!

Here, r 5r 15r 25r 3, and Bi(r1), Bj (r2), and Bk(r3)
are threeB’s whose directions are closest to and enclo
the directionr , anda, (b and c) is the distance betweenr
and r1 (r2 , r3) on the sphere of radiusr , andA is the nor-
malization constant. This interpolation method was a
tested in a way that one parabolic profile was assigned
15 different directions, then checking was done whether
not the same profile could be reproduced for any arbitr
direction.

IV. RESULTS AND DISCUSSION

Figure 2 shows the contour map of the reconstructed m
mentum density of the alloy in the~100! plane together with
the corresponding error map. The largest error, 2%, is fo
at p50. In this reconstruction method the high frequen
noises in the measured profiles, in other words fluctuati
of B in large r , inevitably accumulate at the origin of th
reconstructed momentum density because of back Fou
transform. A strong anisotropic error distribution is see
The large errors are found on the@100# axis and its vicinity
and they change little withp in the range of interest. Also
along the @110# direction some accumulation of error
are found. This anisotropic error distribution is similar
that found by Tanakaet al.22 who employed the same recon
struction method, but with different filtering and interpol
tion schemes from the present ones, to obtain the 3D
mentum density in Li. Their explanation for the anisotrop
distribution of errors is also true for the present error dis
bution.

It is noted that the momentum density contour lines

by
2-3
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I. MATSUMOTO, H. KAWATA, AND N. SHIOTANI PHYSICAL REVIEW B 64 195132
flattened in theG-K direction. In order to find the breaks a
the Fermi momenta in the reconstructed momentum den
first we examined the effects of the resolution on the posit
of the breaks in the theoreticalr(p) in pure Cu given by
Kubo et al.30 by three-dimensionally convolutingr(p) with
the present overall resolution. We have found that a posi
of a peak indrconv(p)/dp, p on the@100# axis, is shifted by
20.02 a.u. from the position of the stepwise break inr(p),
while p on the@110# axis is not shifted. The amount of shi
depends on how stationaryr(p) at the Fermi momenta is in
directions perpendicular to the radial direction. Even thou
we know this fact, since we do not have theoreticalr(p) in
the alloy to estimate the amount of shift for various dire
tions, we use the position of a peak in the first derivatives
the reconstructed momentum density as the position of
break at the Fermi momentum. Figure 3 shows the mom
tum density of the alloy on theG-X axis and its first deriva-
tives. There are noticeable ripples in high mome
(.1.5 a.u.), the appearance of which is an inevitable a
fact of Fourier transform of discretely sampled data. T
origin of these ripples is a combination of the so-call
aliasing31 and the Gibbs phenomenon.32 We have applied a
slight convolution smoothing, not to a degree that the re
lution gets worsened, to the Compton profiles to suppr

FIG. 2. ~a! The contour map of the reconstructed moment
density of Cu-27.5 at. % Pd disordered phase on the~100! plane.
The contour interval is 0.25 electrons/a.u.3 ~b! The corresponding
error map. The contour step is 0.002 electrons/a.u.3
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these ripples and to put them away from the Fermi mome
Thus, our method to determine the Fermi momenta is
affected by these artifacts. It is noted that a bump just bey
1 a.u. in the momentum density is due to the the first hig
momentum component~the corresponding bump in the the
oretical density of pure Cu is seen in Fig. 4 of Ref. 30!. The
Fermi momenta thus determined in the~100! and ~110!
planes are shown in Fig. 4. The radii are normalized by
Brillouin-zone dimension. It is clearly seen that the Fer
surface of the alloy gets flattened in the@110# direction form-
ing a set of parallel sheets, and has no neck atL. In compari-
son with the theoretical Fermi surface of Cu-25 at. % Pd
Ref. 6 the flattening is not so much extended in the direct
perpendicular to the@110# direction and the Fermi surface i
more rounded in the@100# direction in the present Cu-27.
at. % Pd alloy. Considering the small difference in Pd co
tent, we may say that the theory overestimated the exten
the flattening, which resulted in giving the largerkF in the
@100# direction than any of the experimental value~see Fig.
5!. In the present study thekF in the @110# direction is 0.59
60.01 a.u. in the alloy while 0.6960.01 a.u. in pure Cu.
The kF in the @100# direction is 0.6660.01 a.u. in the alloy
and 0.7460.01 a.u. in pure Cu.

Although a few band structure computations of the Cu-
system33–35 have been reported focusing on the density
states and x-ray photoelectron spectroscopy spectra, the
no calculation of the complete geometry of the Fermi surfa
of Cu-27.5 at. % Pd alloy which is directly compared wi
the present result. However, Fig. 1 of Ref. 13 which includ
the results of Refs. 6 and 12 serves the purpose and is re
duced in Fig. 4 together with the present results. The pre
@100# and@110# radii of pure Cu are in good agreement wi
all of the previous results. The present@110# radius of the

FIG. 3. Momentum densityr(p) of Cu-27.5 at. % Pd
~upper frame! and its first derivatives~lower frame! on the @100#
axis.
2-4
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alloy is on the line given by Ref. 13. However, the@100#
radius of the alloy is slightly smaller than that extrapolat
by any of the previous experimental results. The discrepa
may be due to the above-mentioned effect of the resolut
Finally, putting the observed value ofm in Eq. ~1!, we get
0.58660.001 a.u. forkF in the @110# direction, which is in
excellent agreement with the value of 0.59 a.u. determi
from the break in the momentum density. The proposed
lation betweenm andkF holds very well at the present com
position.

V. SUMMARY

We have measured the Compton profiles of Cu-27.5 a
Pd in the disordered phase along 28 different directions,
those of Cu as the reference along the same directions. F
them the three-dimensional electron momentum density
been reconstructed via the direct Fourier transform meth
The Fermi momenta have been obtained from the posit
of the peak in the first derivatives of the reconstructed m
mentum density. The Fermi surfaces of pure Cu and the a
on the~100! and~110! planes have been mapped out to sh
that the Fermi surface of the alloy is flattened in the@110#
direction forming a set of parallel sheets and has no nec
L. The @110# radius of the alloy is in good accord wit
the value extrapolated from previous experimental and th
retical results. However, the@100# radius of the alloy is
slightly smaller than the value extrapolated from t
previous experimental and theoretical results. In addition,
diffuse scattering peaks around the~330! Bragg spot
have been measured. The separationm along the@110# direc-

FIG. 4. The Fermi radii of pure Cu~full circles! and Cu-27.5
at. % Pd ~open circles! in the disordered phase on theGXULK
plane~upper! and theGXWK plane ~lower!. They are normalized
by the the Brillouin-zone dimension. The size of the circles is t
of the error involved in the radial direction.
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tion between the diffuse scattering peaks has yield
the @110# radius which is in excellent agreement with th
value obtained from the momentum density. All of these
sults are regarded as the experimental evidences to sup
previous theories that the pair of the parallel flat sheets of
Fermi surface drives the short-range order in this alloy. Th
also have demonstrated the capability of the Compton s
tering to investigate Fermiology of concentrated disorde
alloys.
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FIG. 5. kF /kBZ , wherekF is the Fermi surface radius in a give
direction andkBZ is the Brillouin-zone dimension along the sam
direction, as a function of Pd concentration. The full circl
represent the present results. The following is reproduced from
1 of Ref. 13. The squares and the solid lines represent the ex
mental results of Smedskjaeret al. ~Ref. 13!. The lozenges repre
sent theoretical results of Raoet al. ~Ref. 34! and Smedskjaeret al.
The triangles represents the theoretical results of Gyorffy
Stocks~Ref. 6!. The dotted line represents the least-squares lin
fits to the data~crosses! of Hasegawaet al. ~Ref. 12!. The plusses
and dashed line represent the results of Ohshima and Wata
~Ref. 11!.
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