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Influence of alloying on the electron momentum density in the Cu-Ni system
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We report on the measurement of the three-dimensional electron momentum density~EMD! of a 22 nm
Cu/22 nm Ni sandwich foil and of a Cu0.50Ni0.50 alloy film with the same thickness, which was obtained from
an identical sandwich by interdiffusion. The EMD’s were measured by coincident detection of a Compton
scattered photon with its recoil electron. The experiments were performed at the High-Energy beamline of the
European Synchrotron Radiation Facility. The experimentally observed small change of the EMD due to
alloying is reproduced by the Korringa-Kohn-Rostoker coherent-potential approximation scheme@Benedek
et al., Phys. Rev. B32, 7650~1985!#. @S0163-1829~99!08143-6#
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I. INTRODUCTION

For quite a long time Compton scattering has been use
characterize the electron momentum density~EMD! of va-
lence electrons in solids.1 The double-differential cross sec
tion describing the energy and angular distribution of inel
tically scattered hard x-rays is proportional to the so-cal
Compton profile~CP!, which is defined as a twofold integra
tion over the EMD. This integration results from the lack
information about the momentum distribution of the reco
ing electrons. Since integration averages over large volu
in momentum space, detailed information about solid-s
effects like the influence of alloying in compound syste
might become difficult to obtain. It is therefore desirable
measure the EMD directly by fixing the scattering kinem
ics: if the momentum of the recoiling electron is measu
simultaneously with that of the scattered x-ray photon,
momentum of the electron in its initial state can be rec
structed in a unique way. The corresponding trip
differential cross section is proportional to the EMD itself.2–5

The main difficulty of such a (g,eg) coincidence experimen
originates from the strong incoherent elastic scattering of
recoiling electron within the target, which disturbs the det
mination of the recoil momentum by multiple scatterin
Since the mean free path for elastic scattering of electr
with an energy of 50 keV in Cu is only about 12 nm,6 targets
as thin as possible are required.

In this paper we will report on the influence of alloying b
comparing the EMD of Cu0.50Ni0.50 with those of its pure
constituents. The electronic structure of this transition-me
solid-solution alloy has received extensive attention. T
Cu-Ni system is completely soluble over the whole conc
tration range, i.e., there is no miscibility gap yielding sing
PRB 600163-1829/99/60~20!/14049~8!/$15.00
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phase disordered fcc alloys. The lattice parameter chan
between Cu and Ni by 2% only and the density by 0.3%7

Thus, a change of the electronic structure will not be o
scured by geometrical effects. Substantial improvement
been achieved in the theoretical understanding of the e
tronic structure of disordered alloys using a general multip
scattering formalism. Three principal approximations ha
been investigated:~i! the virtual-crystal approximation
~VCA!, where the effective potential of the alloy is the a
erage of that of the pure constituents;~ii ! an averaget-matrix
approximation; and~iii ! the coherent-potential approxima
tion ~CPA!, where a self-consistency requirement is intr
duced to obtain the single-sitet matrix.8,9 It is this property
of the CPA that makes it preferable to apply, especially
alloys of high concentrations. The underlying Green
function technique of the multiple-scattering problem
similar to that of the Korringa-Kohn-Rostoker~KKR!
theory.10,11 In a series of papers Bansil and co-workers12–17

have extensively investigated the Cu-Ni system theoretica
In addition, Temmerman, Gyorffy, and Stocks18 have used
KKR-CPA for a detailed study of the Bloch spectral functio
in these alloys. On the experimental side poly-crystall
CuxNi12x alloys have been investigated by convention
Compton scattering,19 and the CP’s were compared wit
those from KKR-CPA calculations. Qualitative agreeme
was found, though at small momenta the influence of all
ing was predicted by theory to be stronger than revealed
experiment. Differences of CuxNi12x directional Compton
profiles provided by investigations of single crystals20 have
been compared with relativistic KKR-CPA calculation
Whereas the calculations cited above hold for paramagn
alloys only, this new computation includes the ferromagne
behavior of Ni-rich alloys. Especially at momenta below 0
14 049 ©1999 The American Physical Society
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14 050 PRB 60C. METZ et al.
a.u., the experimental anisotropies are not well described
theory.

A method that also measures EMD’s is angular corre
tion of annihilation radiation~ACAR!, though, strictly speak-
ing, it measures the electron-positron pair density, i.e.,
electron momentum space wave function weighted by
positron wave function within the solid.21 Until now only
long-slit experiments, i.e., 1D-ACAR~Ref. 22! or investiga-
tions with the crossed-slit geometry,23–26have been reported
for the Cu-Ni system, but no complete 2D-ACAR expe
ment. The main topic of these early investigations was
reduction of the Fermi surface~FS! extension with increas
ing Ni concentrations, especially the decrease of the n
radius at theL point of the Brillouin zone. The change of th
FS by alloying in the Cu-Ni system is fairly well describe
by KKR-CPA theory.27,28

II. METHOD

If a photon with energyv and momentumk is scattered at
an electron with band energy«.0 and momentump, the
final photon energyv8 and momentumk8 is connected with
the final electron energyE8 and momentump8 via energy
and momentum conservation

«~p!5v2v82E8, ~2.1a!

p5k81p82k. ~2.1b!

Thus, if k, k8, andp8 are known experimentally, the initia
momentump can be reconstructed in a unique way. Th
demands the coincident detection of both the scattered
ton (v8,k8) and the recoil electron (E8,p8). The coincidence
count rate will be proportional to the triple-differential cro
section, which can be written within the so-called impu
approximation:

d3s

dv8dVgdVe

5
v

v8
p8S ds

dV D
KN

r~p!, ~2.2!

where (ds/dV)KN is the Klein-Nishina cross section for lin
early polarized photons andr(p) is the EMD. Since our
experiment cannot distinguish between different vale
bands,r(p) is the total EMD, i.e., summed over all ele
tronic states. The basic idea of the experiment is the follo
ing: first, a double layer~sandwich! consisting of equal
amounts of pure Cu and Ni is investigated, yielding the
erage EMD r5(rCu1rNi)/2. The sample then is heate
such that complete interdiffusion takes place. Since
Cu-Ni system has no miscibility gap, a homogeneous allo
formed that again is measured in order to obtain the EMD
the alloy. The influence of alloying is studied by taking t
difference of both experiments. Due to the multipl
scattering problem, very thin foils have to be used, and th
fore interdiffusion occurs within moderate times at not t
high temperatures.

III. EXPERIMENT

The experiment was performed at the High-Energy X-R
Scattering beamline ID15A of the European Synchrotron
diation Facility ESRF.29 An asymmetric wiggler with seven
by
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periods and strong poles of 1.8 T was used with a criti
energy of 44.1 keV. The white beam was monochromati
by a ~220! bent Si crystal in Laue geometry. The photo
energy wasv5146 keV withDv50.71 keV full width at
half maximum ~FWHM!. The photon beam entered a
evacuated target chamber (1023 Pa) with an externally
mounted intrinsic Ge-diode~energy resolution 0.4 keV
FWHM at 100 keV! at a scattering angleu5140°. Thus, the
scattered photon energy was about 97 keV and the elec
recoil energy 49 keV. The electrons were measured b
two-dimensional position sensitive detector, which consis
of 16316 individual photodiodes~Fig. 1!. The center of the
array was placed in the direction of the momentum-trans
vector q05k2k08 , wherek08 is the momentum of photon
scattered at electrons at rest. Since both the energy resol
of the photon and electron detector are large compared to
binding energy« of the valence electrons, which domina
the EMD, the latter has been neglected in Eq.~2.1a!. De-
tailed Monte Carlo~MC! simulations of the momentum reso
lution included the correlated scattering due to the cross
tion of Eq.~2.2!, solid angle and energy resolution of the G
diode, energy broadening of the primary beam, and ex
sion of the beam spot at the target. The variance vector
the momentum uncertainties in the three Cartesian direct
of momentum space obtained by these MC calculations
sp50.14,0.38,0.19 a.u. Herepz is parallel toq0 , px lies in
the (k,k8) scattering plane, andpy is perpendicular to it.
Emission patterns of the recoiling electrons were recorded
the 2D electron detector with a granularity of about 0.14 a
in px and 0.28 a.u. inpy direction. Thus, the variance inpx
and py direction extended over approximately 1 pixel. Th
time resolution of the coincidence circuit was about 200
considerably larger than the bunch distance of 3 ns in
so-called 2/3 fill mode of the ESRF. Time correlation spec
showed very little chance coincidences, which neverthe
were taken into account. The overall coincidence rate du
a primary beam of about 231011 photons/s was about 2 Hz
A total of 1.43106 coincidence events for each experime
was accumulated.

Since self-supporting Cu or Ni foils with diameters of
mm and thicknesses of 20 nm cannot be prepared, we h
evaporated 22 nm Cu followed by 22 nm Ni on a 30 nm th
C-foil acting as a backing. The backing was made by c
densation of evaporated carbon atoms on a thin betaine
that had a fine crystalline-like structure that acted as a rep
for the carbon backing and guaranteed a high mechan
stability. Finally, the betaine substrate was dissolved in w
ter, and the carbon film was mounted on a frame. Both
and Ni were evaporated on the free-standing carbon bac
with a rate of about 0.5 nm/s, and the films condensate

FIG. 1. Experimental setup: Ge, Ge diode; T, target; PSD,
sition sensitive electron detector.
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PRB 60 14 051INFLUENCE OF ALLOYING ON THE ELECTRON . . .
room temperature. In order not to lose beam time by
heating procedure, we decided to prepare two sandwich
simultaneously where the second was heated at about 50
for 2 h and then furnace cooled. The data of Almazo
et al.30 yield a diffusion coefficient of aboutD52
310219 m2/s giving for a heating time oft573103 s a
diffusion lengthx52ADt580 nm. This is four times the
Cu ~or Ni! thickness. Since the diffusion coefficient holds f
single crystals, we believe that this diffusion length is
lower limit only. It is well known that especially at rathe
low temperatures (500°C) pipe diffusion along grain boun
aries or dislocations can be orders of magnitude faster
volume diffusion.31 Experimental details of this type of dif
fusion in the Cu-Ni system can be found in Refs. 32–
Since we expect that our sandwich foils contain quite a lo
defects like grain boundaries and dislocations, diffus
short circuits starting from these defects within the foils w
occur and thus shorten the effective diffusion time for co
plete interdiffusion substantially. The data of Almazou
et al.30 refer to the diffusion of Ni into a Cu single crysta
Although the diffusion coefficient of Cu into a Ni matrix i
about three orders of magnitude smaller than that of Ni i
Cu at 500 °C~Ref. 35!, we expect no void formation due t
the Kirkendall effect36 at the backing-alloy interface. This i
supported by our experience that also after heating the a
film did not lose its good mechanical contact with the carb
substrate. But it cannot be excluded that vacancy precip
tion takes place inside the alloy. The diffusion coefficien
cited above are so-called impurity diffusion coefficients
contrast to chemical diffusion coefficients, which hold f
the interdiffusion in inhomogeneous binary alloys.36 Brunel,
Cizeron and Lacombe37 measured the chemical diffusio
constant over the whole concentration range of the Cu
system for temperatures between 700 °C and 1070 °C.
trapolating their data to 500 °C yields diffusion coefficien
in the range of 10219 m2/s changing by a factor of 5 ove
the concentration range. These findings agree with63Ni
tracer diffusion in a Cu0.79Ni0.21 alloy investigated by Butry-
mowicz, Manning and Read38 yielding a diffusion coefficient
of the same order of magnitude.

Both foils, the sandwich and the alloy, have been char
terized by x-ray fluorescence analysis~XRF!, elastic recoil
detection analysis~ERDA!, and secondary ion mass spe
troscopy ~SIMS!. In XRF the ratioR5NCu/NNi could be
determined whereNCu andNNi are the atomic number den
sities of both elements. TheKa lines of Cu and Ni, excited
by the 146 keV primary photon beam, are well resolved
the Ge diode~except that theKa line of Cu is slightly con-
taminated by the NiKb line, an effect which is easily ac
counted for!. Correcting the line intensities for the ratio o
the photoelectric cross sections and the fluorescence y
the ratioR was close to unity within 2% for both foils, indi
cating that in fact equal amounts of Cu and Ni had be
deposited on the backing. Since the foils are extremely t
the probability that CuKb radiation can excite NiK fluores-
cence is negligible. ERDA reveals the contamination of
targets with low-Z material. In short, 150 MeV Au ions from
the Munich heavy-ion accelerator have been directed on
target foils, and the recoil ions ejected from the target h
been analyzed by an ionization chamber.39 Analysis of the
nuclear chargeZ of the recoil ions was achieved via th
e
ils
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specific energy lossDE of the ions within the ionization
chamber (DE;Z2). Since the cross section for ejectile emi
sion is the well-known Rutherford cross section, the analy
of low-Z contaminants can be made quantitatively. Figure
shows a spectrum of ejectile ions from our foils. In additi
to strong peaks from the C backing and the nonresolved
and Ni ions, the essential contaminants are oxygen and
trogen. Quantitative analysis yields concentrations of abo
at. % nitrogen and 7 at. % oxygen, which are slightly reduc
upon heating, presumably due to desorption. Again, the r
tive difference of elemental composition of both foils—
which is important for the later investigation of the allo
influence, where the difference of the EMD’s from both ta
gets is taken—was in the 1% region.

SIMS analysis aimed at determining the sample comp
tion as a function of distance from either the Ni or the
surface side of the foils. The depth profiling measuremen40

on the free-standing foils were performed in a quadrup
based ion microprobe using a normally incident, ras
scanned 2 keV O2

1 primary ion beam for sputter erosio
and secondary ion yield enhancement41 ~scan width
140 mm, electronically gated area typically 40mm). Ras-
ter scanning ion imaging42 in parallel with data acquisition
during depth profiling provided qualitative information abo
the lateral uniformity in composition. Moreover, lateral di
ferences in thickness could be assessed from the local di
ences in time required for complete removal of the sam
~‘‘breakthrough’’!.

Figure 3~a! shows examples of depth profiles of N
~dashed line! and Cu~solid line! measured from the Ni side
of the sandwich. For ease of comparison, the profiles
presented in normalized form, ignoring surface effects.
the erosion rate could not be determined independently,
profiles are shown as a function of sputtering time. The
and Cu layers of the sandwich are clearly separated, but
interface is not sharp. This is attributed to the lateral nonu
formity of the carbon backing, presumably related to t
roughness of the betaine spacer. The nonuniformity a
gave rise to differences in breakthrough time by about 10
Within this margin, profiles measured at different spots
the sample were found to be reproducible. The effect of
nealing on the sample composition is illustrated in Fig. 3~b!.

FIG. 2. Elemental composition of the sandwich target fro
ERDA. Elements are indicated. Cu and Ni are not resolved.
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14 052 PRB 60C. METZ et al.
It is evident that, within experimental accuracy, the de
profiles of Ni ~dashed line! and Cu~solid line! are identical.
This result supports the idea that the heat treatment of
sandwich resulted in the formation of a uniform alloy. T
same observation has been made by Ro¨ll and Reill43 for the
interdiffusion of Cu-Ni multilayers~the thickness of each
layer was 45 nm! after annealing at 450 °C for 30 min and b
Suni, Nicolet, and Ma¨enpää44 for 150-nm-thick Cu-Ni
couples heated at 550 °C for 15 min. Identical distributio
of Ni and Cu were also observed in depth profiling from t
carbon side of the sample. The SIMS measurements reve
some contamination with Fe, in accordance with Fig. 2. F
thermore, carbon was found to be present in the alloy
concentrations of about 3%.

Some attention has been devoted to the problem of sh
ranged clustering in CuxNi12x alloys. Warren-Cowley short
range-order parameters have been measured by diffuse
tron scattering.45,46 The measurements indicated that there
a fairly small tendency for Cu and Ni atoms in an alloy
prefer nearest neighbors of the same atomic species, bu
yond the nearest-neighbor shell, the atomic arrangeme
essentially random. Specifically, forx50.5 the probability
that the nearest neighbor of an atom is of the same speci
0.56 instead of 0.50. This number holds for 550 °C.45 At first
glance short-range clustering seems to contradict the abs
of a miscibility gap since it is widely accepted that clusteri
will always precede or accompany spinodal decomposit
In fact, several authors have predicted a miscibility gap w
a critical temperature below 450 °C,46–48 but since chemica
diffusion constants are extremely low at these temperatu
atomic motion is essentially frozen out and prohibits therm
dynamic equilibrium. We therefore conclude from th

FIG. 3. Cu~solid line! and Ni ~dashed line! concentration as a
function of depth.~a! sandwich foil,~b! heated sandwich foil.
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neutron-scattering experiments that the effect of clusterin
small and can be neglected.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

Figure 4~a! shows the spherically averaged theoretic
EMD’s of Cu0.50Ni0.50 and the pure elements.19 Whereas the
constituents have rather sharp discontinuities at the Fe
breaks—the radii of 0.76 a.u. for Cu and 0.60 a.u. for pa
magnetic Ni correspond roughly to the bellies of the rath
spherical FS of the sixth band for both cases49,50—the break
of the alloy is rounded off. It is well known that the eigen
values«(p) of the band structure are real in a perfect cryst
but they become complex numbers in the alloy due
disorder-induced smearing of states.9 This is in contrast of
the behavior oforderedalloys, which can be treated by mor
conventional band-structure calculations.51 The smearing im-
plies that the alloy FS is not sharply defined but possess
total width 2Dp(«F), which amounts in the 50-50 alloy to
0.04 a.u.52 It is also seen from Fig. 4~a! that the EMD’s for
Ni and the alloy are remarkably more intense than that
Cu for momenta above the FS, indicating the stronger in
ence of the more diffused electrons in Ni and the alloy. Or
in other words, going from Ni to Cu, the Fermi surface e
pands and becomes more pronounced, reflecting the incr
of the s-p character of the associated states. In Fig. 4~b! we
have plotted the difference

Dr5~rCu1rNi!/22rCu0.5Ni0.5
. ~4.1!

Dr should be identical with the experimental accessi
differencer(sandwich)2r(heated sandwich) and shows th

FIG. 4. The calculated EMDr(p) of Cu ~broken line!, Ni ~dot-
ted line!, and Cu0.50Ni0.50 ~solid line! ~a! and the differenceDr as
defined in Eq.~4.1! ~b!. From Ref. 19.
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PRB 60 14 053INFLUENCE OF ALLOYING ON THE ELECTRON . . .
influence of alloying on the EMD. It is evident that the stro
gest effect is near the Fermi breaks, i.e., for momenta
tween 0.5 and 1 a.u.

In Fig. 5 both the EMD’s of the sandwich~stars! and the
alloy, i.e., the heated sandwich~open circles! at p'

5Apx
21py

250.5 a.u., are plotted as a function ofpz . For this
case differences should be observable nearpz50, i.e., at
large count rates. The experimental points of Fig. 5 h
been normalized to the total number of coincidence event
each measurement, which are orders of magnitude la
than those which yield Fig. 5. It is readily seen that no d
ference within the error bars can be observed. Although
targets are isotropic, it is unfortunately not possible to
crease statistics by adding up the coincidence events f
constant momentump since both the experimental resol
tions in the three Cartesian directions ofp are different~see
Sec. III!, and electron multiple-scattering influences t
px ,py components stronger thanpz . But, nevertheless, to
improve statistics, we have summed up all events for a c
stantpz to obtain what is called a coincident Compton profi
Jcoinc. Due to the limited range of our experiment inpx
(<1.6 a.u.) andpy (<2.5 a.u.),Jcoinc is not identical with
the noncoincident CP. But in addition to the increase of
number of events, it has two other important advantag
Due to the limited (px ,py) range, the contribution of core
states is strongly reduced and the trigger condition provi
photon spectra free of any background radiation.Jcoinc has
been evaluated in absolute units by normalizing it to
effective numberZeff of electrons that contribute to it. Thi
number has been obtained by a Monte Carlo procedure
simulates the whole experiment including electron multi
scattering and the detailed geometry of both the photon
electron detector. The EMD’s of Fig. 4~a! and that of
graphite53 have been used as input data. Due to the fin
extension and the granularity of the electron detector, on
fraction f i of all recoil electrons, generated by photons sc
tered at the elementi 5C, Cu, or Ni and detected by theg
detector, are measured. Having obtainedf i from the MC
calculation we have set

Zeff5(
i

f iciZi , ~4.2!

FIG. 5. The experimental EMD for the sandwich~stars! and the
alloy ~open circles! at p'50.5 as a function ofpz .
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where Zi are the nuclear charges andci are the relative
atomic concentrations of the main elements that consti
the target foil. While electron multiple scattering has som
influence onZeff , a change of the shape ofJcoinc due to this
effect is negligible. This is also true if in the MC simulatio
the individual thicknesses of C, Cu, and Ni are increased
50% ~we know the absolute value of the thicknesses wit
10% only!. But in addition, only the difference of the coin
cident Compton profiles of the sandwich and the alloy w
be discussed in the following, and therefore influences
multiple scattering should cancel, at least to first order.

Figure 6 shows the differenceDJ5Jcoinc(sandwich)
2Jcoinc(alloy) as a function ofpz ~filled circles!. Due to
improved statistics, now an alloying effect is clearly obse
able. Atpz50 it amounts to about 2% of the total coincide
profile, i.e., it is a rather small effect. These findings a
supported by x-ray photoemission57 and x-ray absorption
spectroscopy,54 which show that the density of states
Cu-Ni alloys can, to a very good approximation, be made
by superimposing those of Ni and Cu. This means that th
is indeed only a very limited sharing of electrons by the tw
constituents. Though the (px ,py) range is limited, it extends
over the major part of the valence EMD. We therefore co
pare in Fig. 6 also with the experimental noncoincident
difference19 DJ5(JCu1JNi)/22JCu0.5Ni0.5

. Despite the oscil-
lations, the general trend of the experimental points~open
circles! agrees nicely with our results. The oscillatory beha
ior might be an artifact introduced by the numerical proc
dure of data processing.19 Neither data processing like a de
convolution procedure accompanied by frequency filter
nor background subtraction has been applied to our d
This might be viewed in light of a remark made by Ban
et al.20 that in their noncoincident Compton scattering e
periments on Cu-Ni single crystals absolute values of exp
mental CP’s are difficult to interpret due to the presence o
background contribution of uncertain origin. The data

FIG. 6. The coincident CP differenceDJ ~filled circles!, the
noncoincident difference~open circles!, andc(pz)/4 from the KKR-
CPA calculation~solid line! ~Ref. 19!. For comparison the rigid-
band model~broken line! and the integration of the solid curve i
Fig. 7 ~dash-dotted line, not convoluted with experimental reso
tion! are also shown.
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14 054 PRB 60C. METZ et al.
Benedeket al.19 for five CuxNi12x alloys and the two pure
elements have been fitted by these authors to a common

Jfit5a~pz!1b~pz!~x20.5!1c~pz!~x20.5!2. ~4.3!

With our notation one obtainsDJ5c(pz)/4. In the work of
Benedeket al.19 also KKR-CPA theory has been param
etrized in the form of Eq.~4.3!. The solid line in Fig. 6
representsctheory/4. In view of the smallness of the effect,
very reasonable agreement between theory and experime
observed.

For a more qualitative understanding of the alloy effe
we have also used a very simple rigid-band~RB! model,55

which has been discussed both in photoemission56–58 and
Compton profile studies.19 Assuming that the Fermi momen
tum is given by pF5aZ1/3 where a5(3p2/V)1/3 (V:
atomic volume! remains essentially the same for the e
ments and the alloy, the only changing parameter is the
lenceZ. For the RB model one has

Zalloy5xZCu1~12x!ZNi , ~4.4!

which implies

pF
3~alloy!5xpF

3~Cu!1~12x!pF
3~Ni!. ~4.5!

Inserting the experimental belly radii of the pure consti
ents, one arrives forx50.5 atpF(alloy)50.69 a.u., a value
which is identical with that found experimentally by th
measurement of ferromagnetic exchange coupling ac
CuxNi12x layers.59,60~Classical techniques like the de Haas
van Alphen effect or magnetoacoustic resonance are no
plicable in concentrated alloys due to electron scattering
troduced by alloy disorder.61! Starting with the EMD for free
electronsr(p)5V/(4p3)u(pF2p), whereu(p) is the step
function, we have calculated the Compton profile differen
DJ and convoluted it with ourpz resolution. The broken
curve of Fig. 6 shows that this simple model is—at least
small momenta—in qualitative agreement with the expe
mental data. But it seems that this agreement is fortuitous
Fig. 7 we have plotted the functionpDr for both the RB
model ~broken curve; for better comparison we have mu
plied by 0.5! and the EMD difference from KKR-CPA. It is

FIG. 7. pDr for the rigid-band model~broken line; multiplied
by 0.5! and the KKR-CPA~solid line! as a function of momentum
p.
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evident that the intensity spikes at about 0.7 a.u. have a
ferent sequence for both calculations. Integration of t
function from a lower limitpz yields the Compton profile
difference

DJ~pz!52pE
upzu

`

pDrdp. ~4.6!

Whereas the Compton profile difference of the rigid-ba
model is determined by the EMD difference around 0.7 a
in KKR-CPA the corresponding contribution is small sin
the spikes at these momenta nearly cancel each othe
contrast, the KKR-CPA Compton profile differencec(pz)/4
in Fig. 6 is dominated by the negative feature around 2 a
~Fig. 7!. This is demonstrated by the Compton profile diffe
enceDJ obtained from the solid curve of Fig. 7~dash-dotted
curve in Fig. 6!. It first reveals a reasonable agreement of
KKR-CPA Compton profile difference with the fitted curv
c(pz)/4. Second, it demonstrates the compensation of
spikes by its strong extremum at about 0.7 a.u. If the low
integration limitpz has passed the first spike, the second o
is no longer compensated yielding the strong minimu
Passing the second spike also,DJ is nearly at the same valu
as before showing that the whole effect is dominated by
feature at about 2 a.u. in Fig. 7. It results from the behav
of the Fermi breaks near the~1,1,2! reciprocal-lattice vector,
which apparently survives the spherical averaging. Bene
et al.19 employed the special direction method62 and espe-
cially discussed its influence on the EMD near the Fer
breaks. In Ni rather strongX-centered hole ellipsoids in th
fourth Brillouin zone dominate the Fermi surface, yielding
strong reduction of the EMD. On the contrary, for the 50-
alloy and Cu, the Fermi energy lies above thed bands at this
point, resulting in a less pronounced break.52,15 Altogether,
this leads to a negative contribution ofDr at about 2 a.u.
Since this feature dominatesDJ, it may happen that due to
the limited range of our detector inpx direction our experi-
mental points of Fig. 6 reflect a too small alloy effect. Ne
ertheless, we find it very remarkable that Umklapp contrib
tions as discussed above are accessible to experim
observation.

V. SUMMARY AND PERSPECTIVES

We have measured the influence of alloying in
Cu0.50Ni0.50 alloy that has been produced by interdiffusion
22-nm thin Cu and Ni films. Both the sandwich and the all
have been characterized by XRF, ERDA, and SIMS. Co
cident Compton profiles reveal a small difference betwee
simple mixing of the EMD’s of the elements and that of t
alloy. The effect can be explained by KKR-CPA calcul
tions. Especially the use of ultrathin target foils opens
possibility to study a large class of random binary alloys t
are produced far from thermodynamic equilibrium. Inste
of producing the alloy by interdiffusion, they could be ma
either by simultaneous evaporation and condensation54 of the
constituents or by cosputtering. In this way arbitrary all
compositions are achieved that would otherwise be imp
sible to get from the melt. On the other hand, KKR-CP
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calculations are independent from thermodynamic con
tions. Cosputtered CuxNi12x films with x between 0.12 and
0.87 have been studied by photoemission spectroscopy63 and
found in better agreement with CPA calculations than ear
measurements56 due to improved resolution. This demon
strates that the production method yields reasonable res
At the same time it opens the possibility to study allo
where the size of the alloying effect is larger than in Cu/
system, which was chosen due its complete miscibility.
di-

ier
-
lts.
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