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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 ir{ 146)] direction in the alloy forming a set of parallel sheets.

The obtained110] 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.

DOI: 10.1103/PhysRevB.64.195132 PACS nuniger71.18+y, 71.23-k
[. INTRODUCTION related to the Fermi radius in th&10] direction,kg[ 110], as
Several theoretical and experimental studies have found m= \/5_4|(F[110], (1)

that the geometry of the Fermi surface drives a variety of

ordering phenomena such as magnetic ordering in the ramghere bothm and ke[ 110] are measured in units of#a
earths and their alloys;® compositional ordering in binary anda is the lattice constant. Later, Gyorffy and Stotkse-
alloys#~® and magneto-oscillatory coupling in magnetic sented an alternative theory which was free from the assump-
multilayers separated by nonmagnetic spacer laydise  tion of pair potentials and second-order perturbation theory.
theory indicates that the ordering is governed by the nestin@hey adapted the density-functional approach for classical
of specific sheets of the Fermi surface in the disorderediquids to a lattice-gas model of alloy configurations. The
states. Nesting describes the coincidence of two approxiheory concludes, in accord with the suggestion of Moss, that
mately parallel Fermi surface sheets when translated by somehen there are well defined bands and well defined flat
distance irk space. In the presence of nesting the disorderegheets of the Fermi surface, the diffuse scattering intensity
phase becomes unstable to an ordering modulation whoseill peak atky's which connect these flat sheets. Using the
period is inversely proportional to the relevant nesting vecKKR-CPA scheme, they calculated the Fermi surface on the
tor. Regarding the compositional ordering in binary alloys,I'’XWK plane in the first Brillouin zone for CiPd, _, (X

the Cu-Pd system is a traditional touchstone and has been the0.9, 0.75 and 0)6and showed the increasing flattening of
subject of extensive investigations because the system exhithe Fermi surface in thgl110] direction with increasing Pd

its a large variety of ordered phases and short-range order igontent. The diffuse scattering in the Cu-Pd system was stud-
the disordered phadeOf special interest and immediate rel- jed extensively by Ohshima and Watanab&he ke[ 110] of
evance to the present subject is the short-range order whiadbu,Pd,_, (x=0.9, 0.75 and 0)6obtained by Gyorffy and

is directly observable as diffuse scattering peaks in the x-raygtocks are right on the curve of vs Pd concentration mea-
neutron, and electron diffractichThe previous explanation sured by Ohshima and Watanabe when kag110]'s are

of the diffuse scattering peaks is based on the Clapp-Mossonverted tam by Eq. (1).

formuld™® for the short-range order paramete(k)=[1 Direct experimental studies of the radii of the Fermi sur-
+2mymgBW(k)] ™!, where W(k) is the lattice Fourier face of the Cu-Pd alloys were reported by Hasegetval.*?
transform of a pair-wise interchange potentia, and mg  using positron annihilation with crossed- and long-slit geom-
are the fraction ofA and B atoms in the alloy, ang8  etry, and by Smedskjaat al® using the same method but
=(kgT) %, wherekg is the Boltzmann constant arfdis the  with 2D-ACAR geometry. The latter accompanied the results
temperature. The diffuse scattering intengi¢i) is propor-  of the KKR-CPA calculations which were in excellent agree-
tional to a(k). The suggestion of Mo&3is thatW(k) can be  ment with the experimental results. When the Fermi surface
calculated in perturbation theory to second order in theadius kg in a given direction was normalized by the
electron-ion potential and hence is proportional to the oneBrillouin-zone dimensiorkg, along the same direction, it
electron susceptibilityo(k) which can peak atgy'’s that con-  was found experimentally as well as theoretically that both
nect parallel flat segments of the Fermi surface leading t¢100] and[110] radii decreased almost linearly with Pd con-
peaks ina(k) andl(k) atkgy. Then, the separatiom along  centration. However, the two experimental results differ in
the [110] direction between the diffuse scattering peaks isthat the slope for thEL0O] radius of Ref. 12 is a little gentler

0163-1829/2001/64.9)/1951326)/$20.00 64 195132-1 ©2001 The American Physical Society



. MATSUMOTO, H. KAWATA, AND N. SHIOTANI PHYSICAL REVIEW B 64 195132

than that of Ref. 13, and that for tfi210] radius of Ref. 13 From Eqgs.(2) and(4) we get
is much steeper than that of Ref. 12. Smedskgeal. have
concluded that the more rapid decreasekpfkgz with Pd :f .
concentration in thg110] direction compared with that in the B(0.02) J(p)exp(~ipz2)dp, ®
[100] direction indicates a flattening of the Fermi surface in
the vicinity of [110] upon addition of Pd. However, both
experimental and theoretical results gave the radii of onl
two directions and do not show how far the flattening ex
tends in the directions perpendicular to {140] directions. - : !

PR ) . r: Either we expandB(r) into a set of appropriately chosen
In addition, it is noted that there is a discrepancy on[ flGg] basis function as proposed by HanSeand applied to Li by

radius between the two theories. Reference 6 gives a Iarg%r .. 18 . :
chuke et al*® and to Li-Mg disordered alloys by Stutz
value by about 6% than Ref. 13 at 25 at. % Pd. Further,, ", 19\ o straightforwardglly ma@(r) in r spyace)é)y in-

disappearance of the neck in the alloys of Pd Cor1Cemr"’ltloperpolation. The latter method is called the direct Fourier

0 . - :
_above 20 at.% was |ncon_clu5|ve in Ref. 12. The ISSU& ansform method. OncB(r) is known, the inverse Fourier
is, therefore, to settle the discrepancy between two eXperk . cform can be carried out to obtaitp). The direct Fou-
mental results and to evaluate the two theoretical results ) : ’

fler transform method was first applied to reconstruct the 3D

by obtaining new direct experimental information about theelectron-positron momentum density from the 2D angular

three-dimensional geometry of the Fermi surface of the al- lati f : ihilati S
loys. correlation of positron annihilation radiation measured by

: 20 : .
The aims of this paper are to present the Fermi surfaces O§uzuklet al” on Ti and Zr. Later, the method was applied to

i o . ; reconstruct the 3D spin-dependent momentum density from
Cu-27.5 at. % Pd in the disordered phase and pure Cu as trr]ﬁagnetic Compton profiles of Fe by Tan 12! Recently

reference obtained by Compton scattering, and to show thr ; i
dimensionally that the Fermi surface of the alloy is indeegt%e method was also applied to a study of the Fermi surface

: " of Li by Tanakaet al?? Some words for other reconstruction
flattened in thd™-K direction. . )
. . methods are appropriate. Cormack’s method was developed
In a Compton scattering experiment one measures the SQirther by K Sznaict al.2 and lied by Duadal
called Compton profilé urt g{ y Kontrym-Sznajet al.”” and applied by Dugdale
' et al“” to the reconstruction of the 2D electron momentum
density of Cr from several directional Compton profiles. The
J(pz)=f fp(p)dpxdpy, (2 essential of Cormack’s method is the expansion of both
Compton profiles and momentum density into polar Fourier
wherep, is taken along the x-ray scattering vector and series. Lastly, the maximum entropy method, which is al-
ready an established method in the field of charge-density
reconstruction, was adapted to momentum density recon-
struction by Dobrzynski and Hol&s.In this study we em-
ploy the direct Fourier transform method because the method

is the ground-state momentum density of the electron sysmakes no implicit functional assumptions concerning the
tem, expressed in terms of the electron wave functigns  ghape ofp(p).

The summation in Eq(3) extends over the occupied states.
Thus the Compton profile contains signatures of the Fermi
surface breaks in the underlying three dimensigB8) mo-
mentum densityp(p). Unlike traditional spectroscopies for Single crystals of Cu-27.5 at. % Pd with surface normals
studying Fermiology, Compton scattering is not sensitive tooriented along thg¢100], [110], and [111] directions were
structural disorders, which makes this technique particularlpised. The disordered phase was secured by quenching the
suitable for investigating electronic structure of disorderedspecimen into iced water after annealing at 600 °C for ten
alloys. One disadvantage easily seen in Ej.is that the days. The Compton profiles have been measured at the
profile is a twice integrated quantity of the 30p) and thus PF-AR NE1A1 beamline of the KEK, where for the incident
the Fermi surface breaks may not be well resolved. Thibeam 60 keV x-rays are available with a rate of 15"
disadvantage, however, can be overcome by reconstructinghotons/s. The Compton spectrométés unique in design
p(p) from the profiles measured along a series of directionsand consists of four independent analyzing systems arranged
The method first used to reconstryetp) from Compton on the surface of a cone that provides a scattering angle of
profiles or one-dimensional positron annihilation angularl60° to all of the analyzing system. Each analyzing system is
correlation spectra was formulated by MijnareRdsho, in  equipped with a triangular Cauchois-type @22 crystal
the vein of Cormack’s approach.expanded botlp(p) and  analyzer bent to a radius of 2.5 m and an image plate as a
the measured profiles into lattice harmonics and derived @osition sensitive detector. The reader is referred to Sakurai
relation between the two expansions. Another way to obtairet al?® for the details of the spectrometer. Two of the ana-
p(p) is to utilize the properties of the so-called reciprocallyzing systems are used for the present measurements, one in
form factor the horizontal and the other in the vertical position viewed
from the base of the cone, to obtain 28 directional profiles.

. The directions along which the Compton profiles were mea-

B(r)=J p(p)exp(—ip-r)dp. @ sured are shown ing Fig. 1 using thep irregucible orientation

WhenJ(p,) for p, set along many different crystalline axes
are measured, the valuesB®r) can be obtained on the lines
¥n real space which are parallelpg. From there onward we
“can follow two different approaches to obtdir) in all of

2

P(p)=(277)_32 “ gi(ryexp(—ip-r)dr )

Il. EXPERIMENT
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[111] and from (k)2 to (4p)® of Pd atom calculated by Biggs
/\ et al?® Each valence electron profile was Fourier trans-
e formed to aB function. Inevitably theB function had some
o high frequency components due to the statistical errors
. 4 and noises produced in the process of reading out the

| image plate. To reduce unwanted high frequency compo-
L nents, a filtering function has to be applied. We examined

1 various types of filtering function in the test reconstruction
of the 3D stepwise free electron momentum density
[100] [110] with a cutoff at 0.76 a.u., which corresponds to the average
radius of pure Cu Fermi surface, by assigning one parabolic

file to twenty different directions. The following

iitering function was found best to reproduce the stepwise
momentum density without introducing ripples at the
cutoff.

FIG. 1. The directions along which the Compton profiles of both
pure Cu and Cu-27.5 at. % Pd alloy are measured are represented
the full circles in the irreducible orientation triangle of cubic sym-
metry.

triangle. The directions were so chosen that the netkaatd filterds x o\ o/ _
the[110] radius of the belly could be determined as precisely BTH(1A2)=B(iAz)(N-1)/N, (@)

as possible. As the reference, the profiles of pure Cu wergnere N represents the total number of points @rexis

also measured along the same directions as those of the alloynq A 7 is the distance between two points. However, apply-
The overall instrumental resolution was 0.13 atomic unit§pg the function inevitably introduces an extra resolution
(a.u) in full width at half maximum(FWHM). The total ot 9 02 a.u(FWHM). Hence the overall momentum resolu-
accumulated counts under each profile was about1®.  tjon due to the instrumental resolution and the filtering

The measured profiles were corrected for th_e necessary €gecomes 0.145 a.(FWHM). For interpolation the following
ergy depen(_je_nt corrections suc_h as absorptlpn, detector ageheme is used. The value Bfat an arbitraryr is given
analyzer efficiency, and scattering cross section. The contrisg

bution of double scattering was estimated by a Monte Carlo

simulation programmed by Sakdi.The ratio of the total B(r)=A[a !Bi(r;)+b !Bj(r))+c By(rs)]. (8
intensity of double scattering to that of single scattering
turned out to be 0.035. Here, r=r;=r,=r3, and Bi(ry), Bj(ry), and By(rs)

The standard deviationgrror bars were evaluated as are threeB’s whose directions are closest to and enclose
follows. The data stored in the image plate contain errorghe directionr, anda, (b andc) is the distance between
originating in the photon counting process, in addition toandr, (r,, r3) on the sphere of radius andA is the nor-
errors introduced by the read-out system. The latter errormalization constant. This interpolation method was also
depend mainly on the stability of the laser and the uniformitytested in a way that one parabolic profile was assigned to
of the photostimulable phosphor in the image plate, and has5 different directions, then checking was done whether or
been estimated to be about 0.5% N§ counts by Ito and not the same profile could be reproduced for any arbitrary
Amemiya?® The total standard deviatiom for N, counts, a  direction.
typical of which at the Compton peak is abouk &0°, is

given by IV. RESULTS AND DISCUSSION

o= /No+0.005x N,. (6) Figure 2 shows the contour map of the reconstructed mo-
mentum density of the alloy in thg.00 plane together with
The method of calculation of error propagation is the samehe corresponding error map. The largest error, 2%, is found
as that Tanakat al?? developed. at p=0. In this reconstruction method the high frequency
The diffuse scattering peaks around {880 Bragg spot noises in the measured profiles, in other words fluctuations
have been measured using a conventional four circle diffracef B in large r, inevitably accumulate at the origin of the
tometer. The separatian along the[110] direction between reconstructed momentum density because of back Fourier
the diffuse scattering peaks is 0.198.0017 in units of the transform. A strong anisotropic error distribution is seen.
distance between th®00 and(002), that is 4r/a, wherea  The large errors are found on th&00] axis and its vicinity
is the measured lattice constant. The present value is right and they change little witlp in the range of interest. Also
the curve ofmvs Pd concentration obtained by Ohshima andalong the [110] direction some accumulation of errors
Watanabé? are found. This anisotropic error distribution is similar to
that found by Tanakat al“> who employed the same recon-
struction method, but with different filtering and interpola-
tion schemes from the present ones, to obtain the 3D mo-
The valence electron profile is obtained by subtractingnmentum density in Li. Their explanation for the anisotropic
from the corrected profile the core electron contributionsdistribution of errors is also true for the present error distri-
which are assumed to be given by the weighted sum of thebution.
oretical profiles of electrons from €2 to (3p)® of Cu atom It is noted that the momentum density contour lines are

IIl. RECONSTRUCTION
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0.0 these ripples and to put them away from the Fermi momenta.
F' 00 05 X1.0 15 2.0 Thus, our method to determine the Fermi momenta is not

[100] — affected by these artifacts. It is noted that a bump just beyond
1 a.u. in the momentum density is due to the the first higher
momentum componerithe corresponding bump in the the-
oretical density of pure Cu is seen in Fig. 4 of Ref).3the
Fermi momenta thus determined in th&00) and (110
planes are shown in Fig. 4. The radii are normalized by the
Brillouin-zone dimension. It is clearly seen that the Fermi
flattened in thd -K direction. In order to find the breaks at surface of the alloy gets flattened in el 0] direction form-
the Fermi momenta in the reconstructed momentum densityng a set of parallel sheets, and has no nedk & compari-
first we examined the effects of the resolution on the positiorson with the theoretical Fermi surface of Cu-25 at. % Pd of
of the breaks in the theoretical(p) in pure Cu given by Ref. 6 the flattening is not so much extended in the direction
Kubo et al° by three-dimensionally convoluting(p) with  perpendicular to thg110] direction and the Fermi surface is
the present overall resolution. We have found that a positiommore rounded in th¢100] direction in the present Cu-27.5
of a peak indp®™(p)/dp, p on the[100] axis, is shifted by at.% Pd alloy. Considering the small difference in Pd con-
—0.02 a.u. from the position of the stepwise break(p), tent, we may say that the theory overestimated the extent of
while p on the[110] axis is not shifted. The amount of shift the flattening, which resulted in giving the larder in the
depends on how stationap(p) at the Fermi momenta is in [100] direction than any of the experimental val(see Fig.
directions perpendicular to the radial direction. Even thougtb). In the present study thie- in the [110] direction is 0.59
we know this fact, since we do not have theoretiggb) in  =0.01 a.u. in the alloy while 0.690.01 a.u. in pure Cu.
the alloy to estimate the amount of shift for various direc-The kg in the[100] direction is 0.66-0.01 a.u. in the alloy
tions, we use the position of a peak in the first derivatives ofand 0.74-0.01 a.u. in pure Cu.
the reconstructed momentum density as the position of the Although a few band structure computations of the Cu-Pd
break at the Fermi momentum. Figure 3 shows the momersysteni>~* have been reported focusing on the density of
tum density of the alloy on thE-X axis and its first deriva- states and x-ray photoelectron spectroscopy spectra, there is
tives. There are noticeable ripples in high momentano calculation of the complete geometry of the Fermi surface
(>1.5 a.u.), the appearance of which is an inevitable artiof Cu-27.5 at. % Pd alloy which is directly compared with
fact of Fourier transform of discretely sampled data. Thethe present result. However, Fig. 1 of Ref. 13 which includes
origin of these ripples is a combination of the so-calledthe results of Refs. 6 and 12 serves the purpose and is repro-
aliasing and the Gibbs phenomendhWe have applied a duced in Fig. 4 together with the present results. The present
slight convolution smoothing, not to a degree that the resof100] and[110] radii of pure Cu are in good agreement with
lution gets worsened, to the Compton profiles to suppresall of the previous results. The presdiil0] radius of the

p, (a.u.)

FIG. 2. (a) The contour map of the reconstructed momentum
density of Cu-27.5 at. % Pd disordered phase on(il®¥) plane.
The contour interval is 0.25 electrons/a.(b) The corresponding
error map. The contour step is 0.002 electronsfa.u.
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FIG. 5. ke /kgz , wherek is the Fermi surface radius in a given
direction andkgy is the Brillouin-zone dimension along the same
direction, as a function of Pd concentration. The full circles
represent the present results. The following is reproduced from Fig.

r 1 of Ref. 13. The squares and the solid lines represent the experi-

mental results of Smedskjaet al. (Ref. 13. The lozenges repre-
FIG. 4. The Fermi radii of pure C(full circles) and Cu-27.5 sent theoretical results of Rab al. (Ref. 349 and Smedskjaest al
at. % Pd(open circley in the disordered phase on tH&XULK The triangles represents the theoretical results of Gyorffy and
plane (uppe) and thel' XWK plane (lower). They are normalized Stocks(Ref. 6. The dotted line represents the least-squares linear
by the the Brillouin-zone dimension. The size of the circles is thatfits to the data(crossep of Hasegawaet al. (Ref. 12. The plusses
of the error involved in the radial direction. and dashed line represent the results of Ohshima and Watanabe
(Ref. 11).
alloy is on the line given by Ref. 13. However, th&00|

radius of the alloy is slightly smaller than that extrapolatediio, petween the diffuse scattering peaks has yielded
by any of the previous experimental results. The discrepanqﬁe [110] radius which is in excellent agreement with the

may be due to the above-mentioned effect of the resolution;, e optained from the momentum density. All of these re-

Finally, putting the observed value af in Eq. (1), we get ¢ o o0 regarded as the experimental evidences to support

0.586-0.001 a.u. foike in the[110] direction, which is in revious theories that the pair of the parallel flat sheets of the

excellent agreement with the value of 0.59 a.u. determine@ermi surface drives the short-range order in this alloy. The
from the break in the momentum density. The proposed re- 9 Y- y

lation betweemm andkg holds very well at the present com- als_o have_ dempnstrated the capability of the Compton scat-
position. tering to investigate Fermiology of concentrated disordered

alloys.
V. SUMMARY
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