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Near-neighbor mixing and bond dilation in mechanically alloyed Cu-Fe
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Extended x-ray-absorption fine-structufEXAFS) measurements were used to obtain element-specific,
structural, and chemical information of the local environments around Cu and Fe atoms in high-energy ball-
milled CuFe, _, samplegx=0.50 and 0.70 Analysis of the EXAFS data shows both Fe and Cu atoms reside
in face-centered-cubic sites where the first coordination sphere consists of a mixture of Fe and Cu atoms in a
ratio which reflects the as-prepared stoichiometry. The measured bond distances indicate a dilation in the bonds
between unlike neighbors which accounts for the lattice expansion measured by x-ray diffraction. These results
indicate that metastable alloys having a positive heat of mixing can be prepared via the high-energy ball-
milling process[S0163-18206)10033-3

I. INTRODUCTION form metastable alloys, or more correctly supersaturated

In recent years there has been renewed interest in extenat—)Iid solutions, of combinations of elements which do not
: y . . exhibit appreciable solubility in their equilibrium phase
ing the mutual solubility of Fe and Cu. One reason is thediagramsls"” The alloying phenomenon in these materials
observation of giant magnetoresistance in heterogeneo%sa S beeﬁ explained by Yavari, Desre, and Benatfetr
samples Whic.h have small ferromagnetic particlezt%pherentlzrise when small fragments cr'eated b,y codeformation, ob-
suspended within a nonmagnetic noblg metal matfixthe tain a critical tip radii, whereupon capillary forces bring
easiest way to obtain such a structure in the Cu-Fe system

| . . . .
the controlled heat treatment of a solid solution. However,goom the dissolution of the tip region. Subsequently, the

T . . ) L solute content changes within the local spinode increasing
obtaining a solid-solution of Cu-Fe is not a trivial matter. . . . Lo .

o ; S . the critical radius causing the more rapid dissolution of the

The Cu-Fe equilibrium phase diagram indicates little or no._~. .

- . . region and the eventual complete mixing of one component

miscibility of either constituent at room temperature, and.

. : ) into the other.
~ 0, e 0
only ~4 at. /° Fe d|s§olvgs ".“0 C!J and10 at. % Cu into The reports concerning the formation and characterization
Fe near their respective liquidus linéslowever, extended

. - ; . f HEBM all havi itive heat of mixing h lied
regions of metastable solubility can be obtained via vaporO a'oys naving a posttive heat o1 mixing nave re’ie

. S ) Targely upon electron microscopy and x-ray-scattering tech-
quenching techniques: Recently, an alternative path 10 g .es to establish the onset and degree of mixing. However,

vapor-quenching, high-energy ball-millingHEBM), has  \yhen crystallites become increasingly strained and reduced
been proposed to form solid solutions of combinations ofiy size, as they do in HEBM, diffracted intensities experience
elements having a positive heat of mixing. a reduction in amplitude from Debye-Scherrer broadening,
HEBM is a process which utilizes the energy of ballistic |eading to the smearing of the diffraction features often be-
collisions between particles of a charge material and the suyond visual detection. These effects may lead to a misinter-
face of hardened steel balls and/or the walls of a shakingretation of these data and consequently a misunderstanding
container to mix, fragment, and ultimately amorphize or dis-of the physical state of the sample.
solve the charge materials. HEBM has become a popular In order to investigate if alloying occurs in HEBM
technique in recent years for the solid-state amorphization cdamples having a positive heat of mixing, we have used
binary metal system’ metal-metalloid systenfs° and x-ray diffraction in combination with extended x-ray-
even single-component systefdsThermodynamic and ki- absorption fine-structuréEXAFS) measurements to study
netic models which explain these processes have bedwth the long-range and the short-range structure and chem-
proposed?~151t had been widely held that a negative heat ofistry in HEBM CuFe,_, (x=0.5 and 0.7 samples. These
mixing was required in order to experience single-phasecompositions are well outside the miscibility regions in the
atomic mixing (i.e., alloying in the HEBM binary metal Cu-Fe equilibrium phase diagram and are not expected to
systems. However, recently HEBM has been reported tdorm solid solutions under steady-state conditions.
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The magnetic and structural properties of HEBM Cu-Feand fcc phases. With the development of vapor-quenching
samples, including those having the same compositions a@echniques the miscibility regions were significantly ex-
studied here, have been reported previously by othérs2®  tended. Knellef! using thermal evaporation, found Fe-Cu
In those studies, the degree of chemical and structural shorédloys having up to 50 at. % Cu to have a bcc structure, while
range order was indirectly measured using magnetic mealloys with more than 70 at. %, Cu could be stabilized in the
surements, x-ray diffraction, and/or thermal analysis. In arfcc structure. Once again, intermediate compositions were
earlier study, Harriet al. employed EXAFS to study HEBM reported to consist of mixtures of the two phases. Sumiyama,
Cu,oFes, Ag,oCoso, and AggFes, samples and found via Yoshitake, and Nakmurhusing rf sputter deposition, further
EXAFS near-neighbor modeling analysis that atomic-levelextended the miscibility of Cu in bcc Fe and Fe in fcc Cu to
mixing had occurred in the GgFe;, sample which had been nearly 45 at. % of each. The extended miscibility experi-
milled for 20 h, but not in the Ag-based samples, even afteenced in sputter deposition over that of thermal evaporation
200 h of milling!® Crespoet al?° reported the results of is presumably do to a higher effective quench rate obtained
EXAFS measurements on HEBM Gfe,, samples that in- in the high-energy sputtering techniques. Chiral?® re-
dicated the nearest-neighbor coordination sphere did indequbrted on the magnetic and structural properties of a wide
reflect a mixed chemistry very near to the nominal values ofange of Cy_,Fe_ alloys processed via dc magnetron sputter
the starting materials indicating the existence of a supersatueposition. They were able to extend the fcc miscibility re-
rated solid solution. Recently, Schillires al?! used EXAFS  gion up to 72 at. % Fe and the bcc miscibility region up to 38
to study the local environments of ball-milled &he,, and  at. % Cu.

AgsoFesy samples and similarly found that the £Jbes, In the past few years, much research has been performed
samples alloyed, while the Agres, samples did not. on Fe-Cu alloys prepared via HEBM since it was shown that

In this work we provide direct structural evidence thatthe miscibility of Fe in fcc Cu can be extended te60
both the Fe and Cu atoms reside in the fcc lattice with aat. %21°2526:323%hjs technique offers an alternative to rapid-
near-neighbor chemistry very near the nominal stoichiometryjuenching techniques to form metastable alloys of elements
of the starting materials. These results establish the absenwaich are immiscible under equilibrium conditions. Uenishi
of fcc or bee single-element clusters, coherent or incoherengt al X report that the lattice parameter of bec and fcc HEBM
within these samples and indicate that atomic-level mixingCu-Fe alloys increase near linearly with increasing concen-
has indeed taken place via the HEBM process. In addition, #&ration of the dilute element, i.e., Cu in bcc Fe and Fe in fcc
dilation of the bonds between unlike neighbors was meaCu, reaching a maximum for GgFe;;. By comparing the
sured via EXAFS which accounts for the expansion of thdattice parameters measured in HEBM powders to those mea-
lattice observed in x-ray-diffraction measurements. This disured in liquid-quenched ribbons and vapor-quenched thin
lation is unique to the unlike atom pairs and is not observedilms, Uenishiet al® show the volume expansion is signifi-

in the bonds between like atom pairs. cantly larger in HEBM samples. From this it is clear that the
HEBM samples have a local structure which must differ

Il. MISCIBILITY, ELECTRONIC, from those alloys produced by quenching techniques. It is

AND MAGNETIC PROPERTIES OF Cu-Fe likely that the difference in lattice parameter between the

A. Miscibility HEBM samples and those produced via vapor quenching is

The Cu-Fe equilibrium phase diagram indicates Iimitethe result of the total strain energy of the system which var-

solubility of each element into the other. The solubility of Fe les with the processing technique.
into Cu is about=4 at. % at the melting pointL094 °Q and
decreases to 0.1 at. % at 600 °C, and to even smaller
amounts near room temperature, while the solubility of Cu
into Fe is a maximum~10 at. % at 1477 °C and remains  The electronic structure of the Fe atom has the Ar core
constants at=0.5 at. % near room temperatutéStudying  with a 3d°4s? valence. However, when Fe is combined with
dilute solid solutions, researchers found each element to exsther Fe atoms to form a metal, some of the lower level
pand the lattice of the othéf. However, several research electrons are promoted. In the case of Fe, tdenSajority
groups have explored a variety of rapid-quenching techband becomes nearly filled, 4.8 of 5 states, and the minority
nigues which extend the room-temperature miscibility re-band has 2.6 of 5 states filled. The twe gtates each have
gions by forming metastable alloy concentrations. 0.3 occupancy. This configuration provides the 2g2mea-

The first experimental work on extending the miscibility sured in bcc Fe. In addition, it is the strongd-3
of the Cu-Fe system was performed on bulk solid sample8dinteractions and their directionality constraints which dic-
rapidly quenched from elevated temperatdfeS. These tate the bcc structure. Alternatively, the Cu atom has the Ar
studies were successful in stabilizing up to 15 at. % of Cu ircore with a 31'%s? valence. In its metallic state bothd3
the bcc Fe matrix. The measured lattice parameters of thed®ands are filed and the two s4states are each half
alloys were shown to increase near linearly with Cu contenbccupied?’ With both 3d bands filled, the Cu atom carries
following Vegard’'s law. Anneals at 573-873 K were re- no magnetic moment. The strong interaction between Cu at-
ported to facilitate the decomposition of the alloys to nearlyoms in metallic Cu derive from thes4(and some degree of
pure bce Fe and fcc Cu components. 4p) hybridization®*

Using liquid quenching, Klement further extended the When Cu is alloyed with N{Ar core+3d®4s?), the mea-
miscibility of Cu into bcc Fe to 17.5 at. % and Fe in fcc Cu suredug per Ni atom shows a linear decrease with increas-
to 20 at. %°° These authors found compositions betweening Cu content. It was once believed that the addition of each
these two limits to exist as heterogeneous mixtures of bc€u atom was equivalent to adding one electron to the alloy

B. Electronic and magnetic properties
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which would then occupy the lowest energy state of the alloysamples were produced at the Instituto de Magnetismo Apli-
which is in the 31 minority band of Ni?’ When~60% of the  cado (Madrid, Spain using a Fritsch™(Ref. 42 vibrating
atoms are Cu the net magnetization of the alloy becomenmill and starting materials of high-purity Fe powder and Cu
zero at 0 K However, more recent experimerifal’ and  foil. Milling was performed using a single 6 cm steel ball for
theoreticat® studies show the localBholes do not com- a period of 400 %% For both milling operations the el-
pletely fill with the addition of Cu. Hence, the diminution of emental starting materials were carefully weighed and intro-
the magnetic moment may result from the depopulation ofluced into the mill which was then capped under an argon-
the majority band concurrent with the population of the mi-gas environment to limit the amount of oxidation during
nority band. In contrast, when Cu is alloyed with Fe, themilling.

magnetic moment per Fe atom does not change appreciably

even at high Cu concentratiofi3?® The magnetic moment B. Extended x-ray-absorption fine structure

behavior is characteristic of magnetic dilution, where the

s . o . ..~ The x-ray-absorption coefficients encompassing the Fe
sample’s saturation magnetization decreases linearly with i

. ) . Mand Cuk absorption edges were collected using the X23B
creasing Cu.bl.n .thWB/ Fe atom remains constqnt_untﬂ the and X23A2 beamlines at the National Synchrotron Light
percolation limit is reached. The reason for this is that theSource (Brookhaven National Laboratories, Upton, New
high-density '.:aj states are poorly_ matched_ In energy with York). Both beamlines, X23B and X23A2, we,re desig}wed for
the I%\év-densny Cus states and little hybridization takes ;¢ jimited to EXAFS measurements. They both employ
place. As a result, the addition of Cu does not S”Of‘g'y double-crystal, fixed-exit monochromators with beamline
influence the electronic structure of Fe near the Fermi SUryo3p using a pair of S{111) crystals and X23A2 using a

face and does not significantly disturb the magnetism of Fepair of Si (311 crystals. The EXAFS data were collected

Additional evidence is the observation that the introductior\,\lhen the storage ring energy was 2.5 GeV with a current
of Cu does not force the Fe to strong ferromagnetism, Whicrﬂ)etween 110 and 250 mA '

is defined by the filled majority spin band, until very high Because of strain hardening caused by the milling proce-

concentrations of Cu are present, dure, it was difficult to grind the powders to a suitable par-

fﬁg\éel\;lalcauéhors ha:/e r%porltegt O? ;g‘.e magnetic ?rogﬁrt'eﬁ:le size for use with the EXAFS transmission data collec-
0 u-re sampies. Uenisat al, - in agreement wi tion technique. Hence, we opted to use the total-electron-

in fi i 5
the tthm f"? W(:rk O.f Chieret aI];, have SIhOV\r']n that :?e mo- yield (TEY) data collection technique where we applied a
{ne? pert etﬁ 0m5|os n;a%/r 2:38 tofr ﬁartnp es ?leg etr(]:on-z enerous amount of the powder over a still-wet coating of
ent greater than at. 7o, but 1alls to zero for 1ess than 2 qiqq| graphite on a substrate of commercial grade Al foil

o (i ST .
gt. % (|.e.,daé the oénaseth of the perlcolatlor: I'm'tYa,:./a”’ to construct the TEY sample. In TEY data collection the
esre, and benameurshow a nearly equal magnetic mo- sample is used as the cathode in a He gas-flow ionization cell

ment at room temperature for the HEBM fcc ey, phase —\horg the x-ray absorption is monitored by measuring the

and the equivalent decomposed stdte., a mixture of bce sample current induced by the by products of the core hole

Fe and fcc Cu
i . . . decay, namely the Auger and secondary electrons.
These results qualitatively differ with the theoretical work EXAFS data were collected from the milled powders and

of Fu and Freeman who investigated the electronic and MaGhin foils of Fe and Cu. The later data were collected in the

?Cect'%ngpilrg]eos Olf1 ffﬁe':: g:'en ﬂ(:‘n?:omrmélmateeafodn;]?ecrtepvét transmission mode and used as empirical standards of the
u- ug X urse, gr ; Shee and fee structure, respectively. Prior to data collection,

between Fe-Cu a]loys and th.'n Fe/Cu layers V‘.’h'Ch limit thethe detector circuit linearity was measured by comparing the
extent of comparison, some insight can be gained by studyr—

ina_th lectronic interactions at the Fe-Cu interf atio of the transmitted signal {), or in the case of TEY the
Sg _f'e I? ecFo c d Ie:ac ons at the the-full te ?C?'sample currentlg), to the incident signall ;), above the Fe
>peciticatly, U an reeman, using the uli-potential, 5,4 ¢y absorption edges before and after the beam was at-
linearized-augmented-plane-w&Yepproach to calculating

i . . tenuated 50%. The incident beam was attenuated by placing
electronic structure, found that the Fe-Cu interlayer dlstancgeveral layers of 0.01 in. commercial grade Al foil upstream

0 ) ) ; .
¥vas Clogggitei % 2A:TLeIat|vle to the tCU Cu hdlstan dce, ;'e'of the sample and detectors. The linearity of the detector
rom . 0L - 1€y also report an enhanced calCUg; c it was found to vary less than 0.5% indicating suitable

lated magnetic moment on the Fe atom of Z.8%hen Fe is conditions for data collection.

in intimate contact with Cu. These results may be a conse- Following established EXAFS analysis procedifes:
guence of having an fcc Fe lattice parameter near that of CLﬁ,ne was fit to the preabsorption edge region and the area

whereas the l_:e-Cu aIons. studied here and qt.hers made l%der this line and its extrapolation were removed from the
vapor quenching have lattice parameters significantly IargerSpectrum. The extended fine structure appearing from 20—

800 eV above the absorption edge were isolated and normal-
. EXPERIMENTAL ized to the edge step height and energy, thus putting all data
A. Materials processing on a per atom basis. Residual, nonoscillatory curvature in the
The samples in this study were processed using a Spex™®ata was eliminated by fitting and removing a cubic spline
(Ref. 42 mill with elemental starting materials having curve using three equidistant internal knots. These data were
99.99% purity or better. The GgFe;, samples were pro- then converted to photoelectron wave-vectky épace and
cessed at the Naval Research Laboraf@vashington, D.Q.  Fourier transformed to radial coordinates .(
by milling elemental powders of Fe and Cu for a period of The Fourier transform of the EXAFS data is similar in
20 h with two 8 g steel balls having radii 86 mm and two many respects to a partial radial distribution function
smalle 1 g balls having radii of~3 mm. The Cyjfe, (PRDF obtained by the refinement of x-ray-scattering data.
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The amplitudes of the peaks are typically proportional to the
occupation and atomic disorder of the neighboring atom T
shells, and the radial distances of the peaks correspond to the :
bond distances between the central absorbing atom and its
local neighboré? The data in this form differ from a PRDF
in that corrections for electron phase shifts have not yet been -
added, hence the radial distances of the Fourier peaks are . [ ’ \
offset from their true bond distances to lowevalues. Not- P
withstanding, comparison between Fourier-transformed data I | | ]
and similarly analyzed data from empirical standards are use- (111) fcc CuFe: .
ful in determining relative changes in the local structure and [ I | ]
atom symmetry. N (110) ‘IJCC Fe ]
C. EXAFS near-neighbor modeling using FEFF \ ]
Theoretical EXAFS data, generated using HeeF (ver- I ' . \_ ]
sion 3.1 codes of Rehet al.** were analyzed in a manner T —
similar to that discussed above(Henceforth, these data 42 425 43 435 44 445 45 455
will be referred to asEFFdata) These data were used to fit
Fourier-filtered (FF) Fe and Cu EXAFS data from the 29

nearest-neighbor Fourier peak regithA<r<3 A) of the FIG. 1. A portion of thed—2¢ x-ray-diffraction scan of the
milled samples. The fitting was performedkrspace where  cu,Fe,, material before and after HEBM illustrating the disappear-
the phase and amplitude of the oscillations are fit with paance of thg110) bcc Fe peak and the shift of thi#11) fcc Cu peak
rametrizedreFF data to determine the local atomic param-to a higherd spacing.
eters around the absorbing atoms, i.e., bond distarmges ( _ ) _ ) )
coordination numberéCN), and the EXAFS Debye-Waller €quipped with a fixed anode, Qtia source. Figure 1 is a
coefficients(a?). The latter is a measure of both the static Plot of a portion of thef—26¢ scan for the CyFe;, sample
and thermal displacement of atoms about a mean bond di§efore and after milling. The asymmetry of the(E&0) peak
tance. in the scan of the starting materials is caused by the unfil-
Quantitative information of the local structure and chem-teredKa, radiation having\=1.544 A. These data are rep-
istry around the Fe and Cu sites was obtained by fitting théesentative of both milled samples with slight differences
nearest-neighbor peak region of the Fourier-transformed Feorresponding to the change in the lattice parameter between
and Cu EXAFS data witlFErF data. In performing this fit- the two samples. In Fig. 1 itis clear that after 20 h of milling,
ting analysis, a data range inspace that encompassed the the bc¢110) peak of Fe has completely disappeared and that
nearest-neighbor pedlt A<r<3 A) was selected and back- the fcd111) peak of Cu has significantly shifted to a higher
Fourier transformedi.e., Fourier-filteredl to k space. Ink  d spacing. This signals that the Fe atoms now exist in the fcc
space, the phase and amplitude of the nearest-neighbor FRase. The absence of a second family of fcc peaks suggests
EXAFS data were fit using the parametrizegkr data. The that the Fe and Cu atoms coexist in a single fcc phase. Lat-
quality of the fit was judged by a least-squares fitting paramfice parameters of 3.6410.005 A and 3.6340.003 A were
eter (x?). During the fitting analysis of both the Cu and Fe calculated for the CyFes, and CyoFe; samples, respec-
standards, and the data collected from the milled sampledvely. These values are significantly greater than the values
ther of contributing atom shells were floated while all other Predicted by Vegard's law, 3.6025 A for Gffey, and
parameters were fixed at their theoretical values. Once ap2-6075 A for CugFes, representing an expansion of 3.24%
proximate values of the radial distances were determinednd 2.22% in volume, respectively. The expansion in the
additional fits were carried out in which thevalues were lattice constant of the HEBM Cu-Fe samples has been shown
fixed and the CN and@? values were allowed to vary. Fur- o increase with both increased milling time and increased Fe
ther refinement of the fit was achieved by fixing the CN andconcentration peaking near 50 at. %, suggesting that the ex-
0-2 values at the fitted values and again Varymgsing the panSIO!ﬁ |Sl5due to the pI’OgreSSIve |n00rp0rat|0n of Fe into the
previously determined values as the starting values. Finallycu lattice:® The lattice parameters me_as_ured here are com-
all parameters were floated from the starting values deteffarable to those measured by Uenigftial. for HEBM
mined from the above approach until a best fit for all param-Cu-Fe sample8’ Similar to the values of Uenishét al,
eters was obtained. At no time was the number of fittingthese are larger than those measured for vapor-quehthed
parameters greater than the maximum number allowed bynd liquid-quenched sampl€¥it is likely that the difference
the Nyquist theorem, i.e., (&kAr)/m.*® The best fits for the ~between the values for HEBM samples and those processed
Cu and Fe standards were further refined by systematicallysing liquid- and vapor-quenching techniques is due to the
varying the edge energy correction,, and the amplitude total strain energy in the lattice introduced by the processing
reduction coefficientS3, until the y? fitting parameter was technique. o _ _
optimized. The lattice r?xpansmn induced by the mtroduct;]on of Lhe
Fe atoms to the Cu matrix via HEBM suggests that within
'X' ii:;g;?a';’i\éa ?esai:"rse?g:\tlss this e.nvironment the atomic radii of the Fe and/or Cu atoms
: are different compared with those of their pure phase states.
X-ray-diffraction measurements of the milled powdersitis well known that the average atomic radius of an element
were performed using a Philips™Ref. 42 diffractometer can change considerably depending upon the environment in

| \ —---- Starting mat'l ]

units)

after 20 hrs.
of milling
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FIG. 3. X-ray-absorption near-edge fine structg&NES) for
»=incident signal encompassing the Fe and the Fe and CIK absorption edges collected from Fe and Cu foils,

CuK absorption edges in Fe and Cu foils, respectively. The Cu datéespectively. The Fe data have been vertically offset to allow direct

have been shifted in energy and vertically offset to avoid overlap-
ping the Fe data.

portion of the figure are derivatives of these same data.

comparisons to the Cu data. The curves positioned on the lower

which it is placed. Typically, these changes are determinefine structure between these data sets. These differences are

by measurements made via x-ray diffractiodRD) where

most noticeable in the near-edge fine structure including the

small changes in the unit cell dimensions can be measuregdge region and extending 6150 eV above the edge.
with great accuracy. Using this approach, one obtains a mea- Figure 3 illustrates an expanded vigw50—100 eV of
sure of the average local distortion to the lattice caused byhe near-edge region and the derivative of the same. The
the introduction of one element into another, but it is uncleaderivative is supplied to more clearly contrast the differences
which element changes size. By applying EXAFS, anbetween data sets in the near-edge region. The structure ap-
element-specific local probe, one should be able to discern {fearing very near the absorption edge is referred to as the
the lattice expansion is the result of an isotropic dilation ofx-ray-absorption near-edge structure, or XANES, and con-
all bonds or if it is due to a specific atom pair correlation. tains information more heavily weighted by the local atom
These XRD results suggest that the HEBM Cu-Fesymmetry and the density of states. In this figure, one sees
samples exist as a single fcc phase. They do not providghat the Cu data have a small peak appearing halfway up the
information concerning the local chemical homogeneity ofabsorption edge step which is absent in the Fe data. In addi-

the samples and therefore it remains possible that small fcc
Fe clusters have stabilized coherently within the fcc Cu

lattice’” To address this issue we have pursued x-ray-
absorption fine-structure studies of these samples which will
provide information of the local structure and chemistry

around the Cu and Fe sites. The results of that study are
presented in Sec. IV C.

B. Extended x-ray-absorption fine-structure analysis
of fcc Cu and bcc Fe standards

Figure 2 is a plot of the x-ray-absorption coefficients
[u=In(1y/1;)] encompassing the Fe and G&u absorption
edges collected from the Fe and Cu foil standards, respec-
tively. The oscillations appearing above the edges are the
fine structure of EXAFS and arise from the modulation of
the x-ray-absorption coefficient from the interference of the
outgoing and backscattered photoelectron waves caused by
absorption. These oscillations contain information on the lo-
cal environment around the absorbing atoms. The data from
the Fe and Cu foils are used here as empirical standards of

Normalized EXAFES

02— T e e L A

: —— Cu foil
O1>F —--Fefoil ]
0.1 F : | -

0.0sf ]'\ ) i P

VAR R WAV
0 05:/'”}\/ w v ]
. r T ]
r ' ]
-0.1F 1
E ' ol R YN ERTINN R U WSS I
015 4 6 8 10 12

Photoelectron Wave Vector (A'l)

the bce and fce structures as well as chemical standards for Fig. 4. Normalized EXAFS data after background removal and
the modeling of the Fe and Cu EXAFS data collected fromconversion to photoelectron wave-vector space collected from the
the milled samples. One sees in comparing the Fe and Cge foil (dashed curveand the Cu foil(solid curve. Data sets are
data of Fig. 2 that there are pronounced differences in thelotted using the same andy axes to allow direct comparisons.
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tion, the Cu data show a pronounced splitting near 20 e\its nearest-neighbors to the Oth atom the eight body-centered
which again is absent from the Fe profile. At higher energiesatoms(1/2,1/2,1/2 at a distance of 2.482 A. It's next-nearest
the oscillations are considerably out of phase with each othareighbors are the six cube edge sites at a distance of 2.866 A
indicating differences in atomic symmetry. (i.e., the lattice parameterin contrast, the fcc structure has
After background removal and normalization of the ex-as its nearest neighbors the 12 face-centered atdrdsl/
tended fine structure to the edge energy and step height, ti&0) at 2.556 A and next the six cube edge sites at 3.615 A.
data are converted to space(see Fig. 4. In this form, the Figure 5 is a plot of the Fourier-transformed EXAFS data
EXAFS can be directly compared and contrasted mordor the Cu (solid curve and Fe(dashed curvestandards.
clearly in terms of their phase and amplitude. The largesPresented above this plot are depictions of the bcc and fcc
differences seen in Fig. 4 are the splitting of the Cu EXAFSunit cells. In each of these panels argectors which origi-
near 3 A1, which is absent in the Fe, and the splitting of thenate at the central atom and extend to the near neighbors.
Fe EXAFS near 5 A, which is absent in the Cu. The great These vectors correlate with features in the Fourier profiles
differences between Cu and Fe EXAFS data arise primarilypresented in the main panel to indicate which atom correla-
because of the differences in the local atom symmetry irtions contribute to the Fourier peaks. Because the Fe EXAFS
their respective structures. Cu has a face-centered-¢igolc  has a limitedr-space resolution of0.4 A, the first two
structure which is a close-packed cubic arrangement of ateighbors of the bcc unit cell contribute to the first Fourier
oms. Because of an incomplateshell, Fe does not assume a peak in the Fe profile centered near 2.1 A. For this reason,
close-packed structure but instead takes a body-centerethis peak appears much broader than the corresponding peak
cubic (bco structure where the atom arrangement satisfiein the Cu EXAFS which has 12 nearest neighbors located at
the directionality of thed-shell wave functions. Taking a a single distance of 2.556 A. Recalling that the Fourier trans-
corner atom as our Oth ato(8,0,0, the bcc structure has as form of EXAFS data is uncorrected for electron phase shifts,
the peaks do not correspond directly to the true bond dis-
. tances but are instead shifted to loweralues. For example,
bce unit cell fcc unit cell the Cu nearest-neighbor peak is seen in Fig. 5 to be centered
at 2.125 A whereas the actual distance is 2.556 A, indicating
a phase shift for this correlation 60.43 A. The large peak
centered near 4.5 A in the Fourier transform of the bcc Fe
EXAFS contains amplitude contributions not only from the
24 r, and eightr neighbors but also from a photoelectron
focusing effect caused by the collinear arrangement of the
center—body-centeredr ;)—body-diagonal (r5) sites. This
feature is a useful fingerprint for bcc structures. A similar
amplitude enhancement is observed in the fcc Cu profile near

o 4r T LY SRR AR R RS RARRE RS 5 4.8 A where the center—face-centefeg—face diagonalr )
=] I : ‘-rl,z —— Cu foil : sites are arranged collinear with respect to one another.
2 N r -« ]
— dr T . 14 C. Extended x-ray-absorption fine-structure analysis
2 5L —----Fe foil ] of HEBM Cu-Fe samples
5 ! r ] Figure 6 is a plot of the x-ray-absorption as the normal-
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FIG. 5. Fourier-transformed Cu and Fe EXAFS data collected S 00r 7
from Cu and Fe foils, respectively. Panels located above the plot ~ ~HENE NSNS FNEN] SNTEE FRETL SNERE AR

depict the bcc and fcc unit cells with vectors from the central atom -100 0 100 200 300 400 500 600
to the near neighbors. Vectors listed on the plot indicate which
atomic pair correlations contribute to the Fourier peaks. All data Photon Energy (CV)

were transformed usirkf weighting anck ranges of 2.5-12.5 AL, FIG. 6. X-ray-absorption, as normalized sample currégf ¢)
Electron phase shift corrections have not been included in theseersus photon energy, for the Fe and IKw@absorption edges in the
data, therefore, radial distances do not correspond directly to bonHEBM Cu,gFe;o sample. The Cu data have been vertically offset so
lengths(see text as not to overlap the Fe data.
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Photon Energy (CV) FIG. 8. Normalized EXAFS data after background removal and
FIG. 7. X-ray-absorption near-edge fine struct&NES), as  conversion to photoelectron wave-vector space fo(dash-dot-dot
normalized sample currentd(E)/Io(E)] versus photon energy, for curve and Cu(solid curve in the HEBM CuygFes, sample. Similar
the Fe and CuK absorption edges collected from the HEBM data collected from the Cu foitlashed curveis also presented as a

CuygFeso sample. The Cu data have been vertically offset so as nogtandard of the fcc structure. Data sets are plotted using the same
to overlap the Fe data. The curves positioned on the lower portioandy axes to allow direct comparisons.

of the figure are derivatives of these same data.
signal-to-noise of the data collection from these samples.

ized sample currentl {/1,), encompassing the Fe and ®u  Qualitative comparisons between these data, and with the
absorption edges collected from the milled,ghie;, sample.  data of the fcc Cu standard, indicate that both the Fe and Cu
The Cu data are vertically offset from the Fe data to allowatoms in the milled samples exist in a close-packed structure
comparison between data sets. These data are qualitativedymilar to that of fcc Cu. Subtle differences between the data
similar to the CygFe;, sample. As is readily seen in Fig. 6, sets for the milled sample versus that of the Cu foil, namely,
the Cu and Fe data appear similar. The extended fine struthe reduced amplitude of the oscillations and the slight offset
ture of both data sets displays oscillations having similain phase at lowk values, can be attributed to the increased
phase and relative amplitudes while the near-edge regiorstructural disorder in the milled samples arising from the
are also similafsee Fig. ¥ with some exceptions. In particu- impact nature of the HEBM technique and differences in the
lar, some of the features appearing in the Cu spectrum appekarcal chemistry between the standard and milled samples. At
to be less resolved in the Fe data. Because the energy redbis early stage in the analysis, the meaning of these subtle
lution at the Fe edgé€7111 eVj is slightly better than that of differences is difficult to relate to specific changes in local
the Cu edg€g8979 eV, this effect cannot be attributable to structure or chemistry. For this reason these data are Fourier
beamline optics, but instead is likely characteristic of thetransformed to radial coordinates in order to obtain direct
electronic structure of Fe in the fcc symmetry. The derivativeinformation of the structure and atomic symmetry around the
of the XANES illustrates similarities in the Fe and Cu near-absorbing atoms.
edge data, with every feature in the Cu data represented in The Fourier-transformed EXAFS data from thesghes,
the Fe data. From these data one can conclude that both Bample are presented in Fig. 9. These data are similar to the
and Cu share a similar structure having the same atomidata collected from the GgFe;, sample. The Fe and Cu
symmetry. EXAFS from the milled sample are presented on the same

Figure 8 contains the Fe and Cu EXAFS from theandy axes without normalization or offset to allow direct
CuoFeyg sample after normalization and conversion ko comparisons to be made. The data corresponding to the Cu
space(see Sec. |l B. Data collected from a Cu foil are standard are presented on the samais but differenty axis
similarly analyzed and presented as a standard of the fan order to allow an improved comparison between the data
structure. In this form, the data can be compared in terms dfom the milled samples and the standard at the higher radial
phase and amplitude of the EXAFS oscillations to determinalistances(i.e., r=3 A). A schematic of the fcc unit cell is
similarities or differences between samples and also to prgpresented in the inset panel which indicates which atom cor-
vide information as to the signal-to-noise characteristics ofelations contribute to the Fourier peaks. The differences in
the experiment. Error bars are presented on both the Cu arpbak amplitude between the Cu and Fe EXAFS in the milled
Fe data in Fig. 8 but are difficult to see because of their smakamples and the Cu standard are likely due to an increase in
size. These error bars represent one standard deviation frothe static displacement component to the EXAFS Debye-
the mean calculated by merging five data sets after normaWaller coefficient caused by the ballistic nature of the pro-
ization and conversion tk space. As such, they reflect both cessing and not due to any significant change in the coordi-
the data collection statistics and any uncertainty introducedation around the absorbing atoms. Data corresponding to
to the data from the background removal procedures. Théhe milled samples are shown in Fig. 9 to resemble closely
very small amplitudes of the error bars illustrate the excellenthe fcc structure of the Cu standard in both the relative am-
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TABLE |I. Structural parameters used to obtain best fits to
Fourier-filtered EXAFS data. Note: The error bars listed are de-
rived from comparing the best fits between the mean and mean
std. dev. They represent a 25% increase inxthéitting parameter.

3.5 L 'I'.' T e Pair Bond distance Coordination 300 K
® - [ 1 135 correlations A) number (A?)
g 3 C ’1, 3 bcc Fe ($=0.85; yo=—2.5 eV)
:LQ"_‘ C i 3 Fe-Fe 2.490.005 7.5-0.2 0.00470.0002
g 250 ,'__.-' \ Fe EXAFS: Cu Fe =~ 3 Fe-Fe 2.840.01 6.5-0.2 0.0112-0.0005
< o ; ‘ ¢ a5 Theoretical
g ’ - ,:: oo Cu EXAFS: Cu’5 0Fe50 E Fe-Fe 2.482 8
5 L 3 ‘ R 1, Fe-Fe 2.866 6
2 T i I, —..._CuEXAFS: J fcc Cu ($=0.88; 1,=0)
s 1.5 ;' l ¢ Cu foil n Cu-Cu 2.54:0.005 12+0.2 0.0085-0.0003
= C ' r, —» 415 Theoretical
5 L j r, I ¢ . Cu-Cu 2.556 12
= C v‘ A =L CusgFeso
[-10-4 C / A 7 Fe-Fe 2.520.005 5.2:0.3 0.0083:0.0008
0.5 g f,J \ 30.5 Fe-Cu 2.63x0.01 6.3£0.3 0.0146:0.0004
C Yy e A~/ 3 Cu-Fe 2.63x0.01 4.9-0.3 0.01210.0005
0 s b b b LSSl s riesy 0 Cu-Cu 2.54-0.005 5.9-0.3 0.0085-0.0005
o 1 2 3 4 5 6 7 8 CuroFes
. . Fe-Fe 2.520.005 2.5-0.2 0.0066-0.0008
Radial Coordinates (A) Fe-Cu 2.62:0.01 8.3-0.4  0.0116-0.0004
FIG. 9. Fourier-transformed Fe and Cu EXAFS data coIIectedgﬂ:Ei 524%:88(1)5 2%83 8882&88882

from the HEBM FgCuso sample with similar data collected from a
fcc Cu standard shown for comparison. All data were transformed

usingk? weighting andk ranges of 2.5-12.5 A.. Electron phase- . . . .
shift corrections have not been included in these data, therefor'g Table 1. Also listed in this table are tﬁ andw, values

radial distances do not correspond directly with bond lengtes Wh'Ch. were used to provide the best fit bereen theory and
texd. experiment for the Cu and Fe_st.andards. It is noteworthy that
the difference between the fitting parameters for the stan-

. - . . dards and their theoretical values ar6—7 % in CN and
plitude and radial distance of Fourier peaks appearing over

th f151055A A the diff betw ~1% inr. Some of these differences can be attributed to the
ther r?jngt;e or L. Ic') h.t h'.ft T?ﬁg eda tereljces e deenuncertainty related to data collection statistics and the back-

ese data are a sugnt snift of thé neares -neigitbgran ground removal procedures. This uncertainty translates to a
next-nearest-neighbdr,) peaks; this latter peak corresponds

. ) 25% increase in the? fitting parameter. This was deter-
to the lattice parameter. These shifts suggest that the neareflined by fitting the meart one standard deviation with no
neighbor bond is greater in the milled sample than in the fc

. Cadjustable parameters using the best-fit parameters which

parameter measured in the milled samples using x-ray dif9\/ere determined by fitting only the mean. If one systemati-
. . o cally steps the values for the best-fit parameters and monitors
fraction. The Fourier-transformed EXAFS data of Fig. 9 es y Step v "p !

. . S “the change iny5, one finds that the error bars in Table |
tablish that both Fe and Cu unambiguously reside in fccdouble fogr a lXOzO% increase if?. The errors between the

structures. It precludes the _existence of any Signiﬁ_canLEFFcalculated and theoretical nearest-neighbtor fcc Cu
amount of bcc Fe clusters, which are the more energetlcallyS consistent with the results of Mansour, Wong, and

favorable structure for Fe at room temperature. Howeverg ... -.48 \who found that thererFgenerated bond dis-
these data do not rule out the possibility that some Fe EXiSt[%mces are often smaller than the theoretical values

in small fcc clusters, chemically segregated, but structurally During the fitting of the data from the HEBM sa'mples
coherent, within the fcc Cu matrix. In order to determine if the v, and theSS values determined by the fitting of the’

mo!eed this IS the case, a quantitative study of the N€alstandards, were applied directly and a similar approach of
neighbor environment was undertaken. fitting refinement was followed. Although the backscattering
amplitudes of Cu and Fe are very similar, sufficient differ-
ences exist in the phases to differentiate the Cu and Fe neigh-
bors and allow the determination of the average local com-
position around the absorbing atoms. The error bars listed on
Quantitative information on the local structure and chem-he fitting parameters were determined by fitting the mean of
istry around the Fe and Cu sites in both the standards and tlike experimental data plus one standard deviation. The stan-
HEBM samples was obtained by fitting the nearest-neighbodard deviation of the data was calculated by merging five
peak region of the Fourier-transformed Fe and Cu EXAFSlata scans after the background removal and conversion to
data withFerrF data. The finer details of the fitting method- k-space procedures. When the best-fit parameters for the
olgy are presented in Sec. Il C. The results of the fittingmean data set were used to fit the meanone standard
analysis of the standards and HEBM samples are presentetviation data, the?® parameter increased by 25%. One sees

D. Near-neighbor modeling
of the extended x-ray-absorption fine structure
Near-neighbor chemistry
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each shell converging to the values listed in Table I. At-
LR s e o LA L B tempts to simulate fcc Fe clusters within a Cu fcc matrix by
: A Cu 1 forcing the nearest-neighbor chemistry around Fe to be en-
- riched with Fe neighbors resulted in a poor fit as judged by
the x* parameter. As is readily seen in Table I, the fitting of
the Cu EXAFS resulted in parameter values which are con-
sistent and complementary to those of the Fe EXAFS analy-
sis. The ratio of Cu and Fe coordination numbers indicates
that the first coordination sphere for the (e, sample
consists of a CyFes stoichiometry. This is supported by
the independent modeling of both the Fe and Cu EXAFS.
Energy-dispersive x-ray spectroscoffEDXS) measure-
ments on this sample indicate that the stoichiometry after
milling is Cu,gFe;,. Presumably, the slight increase in the Fe
content is due to contamination from the steel balls and con-
tainer introduced during the milling. The EXAFS calculated
stoichiometry agrees with the EDXS results within the un-

(=]
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0.5 certainty of the measurement, and clearly indicates that the
first coordination sphere consists of a mixed chemistry near
0 to that measured via EDXS. Similarly, the first coordination

Fourier-Filtered NN EXAFS

sphere for the CygFe;, sample is measured to have a

IIIIII|||||||IIlllllllllllll
IIIIIlIl

-0.5 Cu,sFe5 stoichiometry. Again, this value is consistent with
the nominal values within the uncertainty of the analysis
-1 ¥~ CXp_Z established by the fitting of the mean one standard devia-
_ M T [ tion.
st Lo Lo F e b b Bond distances and atomic radii
2 4 6 8 10 12

- The measured nearest-neighbor bond distances for like
Photoelectron Wave Vector (A 1) and unlike atom pairs, for both the gfes, and the CuFe;,

FIG. 10. Fourier-filtered, near-neighbor Q@ and Fe (b) samples, are presented in Table I. These data allow the cal-
EXAFS data(solid curves for the HEBM CuygFey, sample with the ~ culation of lattice parameters solely from the results of the
best fit datdashed curve with symbolsbtained via least-squares EXAFS fitting analysis. Taken together, the resulting EX-
fitting of parametrized EXAFS spectra generated usiage ver.  AFS calculated lattice parameters are 3689014 A and
3.11 codes(Ref. 44. An r-space range of 1-3 A was Fourier- 3.637+0.010 A, for the CyyFey, and the CyFe;, samples,
filtered from the EXAFS data presented in Fig. 9. The parametergespectively. These values match the values obtained by
used in these fits are listed in Table I. XRD measurements, 3.64D.005 A and 3.6340.003 A,

within the uncertainty of the EXAFS and XRD analyses.
that the error bars determined this way are quite small, repThis agreement indicates that the lattice expansion measured
resenting a 0.2—0.3 % deviation from the mean value fa@  when Fe is introduced into the Cu lattice is due to the bond
5—6 % deviation from the mean value for CN, aneé=40% dilation experienced by the unlike atom pairs. It is notewor-
deviation from the mean value fof. From this, one can see thy that dilated bonds have been reported in other binary
that near-neighbor chemistry can be determined using thigansition-metal solid solutions. Using x-ray diffuse scatter-
technique with modest certainty. This allows one to detering, Ice et al. reported the dilation of Fe-Fe bonds in Fe-Ni
mine the approximate nearest-neighbor chemistry and unansolid solution§® and attribute this effect to an electron ki-
biguously establish if significant amounts of atomic mixing netic energy of the Fe atom when it resides on a large-
have occurred. volume, high-spin site. Reinharet al>° performed similar

The nearest-neighbor FF Cu and Fe EXAFS from thestudies of Fe-Cr and found a contraction of the Fe-Fe and
Cu,oFe;, sample and the best fit for both are presented irCr-Cr distances, while Schonfeket al>! studied the Ni-Cr
Figs. 1@a) and 1@b). These data and fits are representativealloys and found a dilated Cr-Ni bond.
of the CugFe;, sample. The parameters corresponding to The EXAFS calculated nearest-neighbor bond distance
these fits are listed in Table I. For both samples, the best fior the atom correlations listed in Table | allow the deduction
resulted from the use of two atomic shells, one of Fe and thef the atomic radii for Fe and Cu in the alloys as well as the
other of Cu, simulating a mixed chemistry in the first coor- standards. These values are listed in Table Il with similar
dination sphere. Prior to arriving at this model we had triedvalues determined from XRD measurements and those cal-
to fit the data using a single atomic shell of one or the otheculated by Goldschmidt and Pauling>~>°The values pro-
atomic species. This lead to relatively poor fits as judged bwided by Goldschmidt derive from an interpolation using Ve-
visual inspection and the value of ty& parameter. Attempts gard’s law and XRD measurements. He calculates atomic
to provide a mixed chemistry in the nearest-neighbor enviradii for different coordination using simple rules of contrac-
ronment by using two shells constrained to a single adjusttion, for example, a 3% contraction when going from a co-
able radial distance was found to greatly improve the fit.ordination of 12 to 8, 4% for 12 to 6, and 12% when going
However, removing the single-distance constraint resulted ifrom 12 to 4. Although these relationships were derived from
further improvements in the fit with the radial distances ofempirical studies using salts, they provide a useful approxi-
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TABLE Il. Atomic radii calculated from near-neighbor EXAFS modeling compared with values calcu-
lated by Goldschmidt and Pauling assuming a coordination de%2ept where indicated

Atom EXAFS XRD Goldschmidt  Pauling
Sample correlation A) A) A) A)
Fe foll Fe-Fe 1.245+0.0025 1.241 1.7
Cu foil Cu-Cu 1.270=0.0025 1.278 1.28 1.276
CusgFes, Fe-Fe 1.265+0.0025 1.27 1.26
CusoFes, Cu-Cu 1.275+0.0025 1.28 1.276
CusoFesg Fe-Cu 1.31250.005 1.28730.0018
CurdFes Fe-Fe 1.260+0.0025 1.27 1.26
CuygFes Cu-Cu 1.270x0.0025 1.28 1.276
CuygFesg Fe-Cu 1.310+0.005 1.28480.001F

&Calculated assuming a coordination of 8.
®This represents the average atomic radii determined from XRD, no distinction is made concerning the
individual atom pair correlations.

mation of atomic radii in metallic alloys. Pauling’s values by Goldschmidt and Pauling, by 2.75 and 3.33 %, respec-
are based upon his postulation that the interatomic forces itively.
metals can be modeled as resonating covalent bonds among Presented in Fig. 11 are the lattice parameters of Cu-Fe
the available atomic positions. He calculates the atomic radilloys calculated via the EXAFS fitting results, measured by
using a relationship which accounts for both the humber oiXRD, calculated using the atomic radii of Goldschmidt and
available bonds, determined by valence, and the radius of Rauling, and predicted by Vegard’s law. As one would ex-
single resonant borrd>° pect, the values calculated using the sum of the Goldschmidt
In Table Il one sees that the EXAFS-calculated atomicradii plot very near to those predicted by Vegard's law. In
radii for the Cu and Fe standards are in good agreement witbontrast, values calculated using the sum of the Pauling radii
those measured by XRD and those calculated by both Goldit closely to Vegard's law for low Fe concentrations but
schmidt and Pauling. Although there are statistically signifi-deviate for high Fe concentrations. The two XRD-measured
cant differences, that likely stem from the limitations of the lattice parameters determined for the HEBM samples studied
EXAFS simulation codes, as a whole these differences arhere are shown to deviate positively from Vegard's law.
small and the agreement is excellent. In contrast, the averagénese values are in very good agreement with other values
atomic radii calculated by EXAFS for the unlike atom pair measured for HEBM Cu-Fe sampl&sbut are larger than
correlations are very much larger than the values calculatedalues measured for vapor-quenched Cu-Fe ffifibe val-
ues calculated using the discrete bond distances determined
by the EXAFS modeling plot on a parabola which deviates
37 —mm—m—— positively from Vegard's law. These later values, with error

—_ i bars, are shown to encompass the XRD-measured lattice pa-
°$ r 1 rameters for the two samples studied here and the values of
= 365f ] i 16431 2 ] b Uenishiet al. for other HEBM Cu-Fe samples. This is strong
% L @o%o 00 o0 % ] evidence that the EXAFS fitting results represent the real
% 36%—9 Ooggggggmmmmméégg physical state of the sample.
E s EXAFS (resent Wzrko) ©%9000, S 8 E. Origins of the Cu-Fe bond dilation
° 3.55- @ XRD (present work) 7] Figure 12 is schematic representation of an arrangement
.Q r O VegardsLaw 1 of Cu and Fe atoms which is consistent with the EXAFS
S 45 * XRD(afterUenishictal) b modeling results presented in Tables | and Il and Fig. 11. In
a7 ©  XRD (after Sumiyama et al.) ] this figure, the solid-line circles represent atom sites on an
F© Pa‘;g"gh . ] undistorted fcc lattice while the hashed circles represent Fe
3450t Qoldschmigt | L0 and Cu atoms slightly displaced from these sitéBhe
0 0.2 04 0.6 0.8 1 dashed-line circles represent sites which lie on planes be-
Fe concentration, X (at. %) neath the surface layeyShe Cu and Fe atoms are shown in

FIG. 11. Plot of lattice parameter versus Fe concentration inthIS figure to be displaced from the lattice sites, where like

Cu-Fe alloys. Values calculated from XRD measurements for thgelghbors are closer than theay)/2 (ay=Iattice parameter

samples studied here are plotted with values calculated using th\é‘ellue for th_e near_est-nelghbor _dlstance in the fcc s’gructure,
atomic radii of Goldschmidt and Pauling and values calculated usand the _unllke nelghbor_s ar_e displaced to greater distances.
ing the atomic radii measured via the EXAFS analysis presented N€ undistorted fcc lattice is what would be measured by

here. Solid line represents Vegard's law. The circles appearing o ) )
0=x=0.40 correspond to values measured for vapor-quenched We propose that the bond dilation of the unlike atom pairs
Cu-Fe after Sumiyama, Yoshitake, and Nakami®ef. 4, and the IS the consequence of a wave-function interaction. The Fe-Fe
solid circles appearing atx=<0.60 correspond to values measured interaction is strong and determined by the hybridization of
for HEBM Cu-Fe after Uenishét al. (Ref. 26. the d-shell electron wave functions, whereas the Cu-Cu
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with respect to Cu. This is in qualitative agreement with the
XRD-measured lattice expansion.

(3) Fitting of the nearest-neighbor peak region in the
Fourier-transformed EXAFS data was performed with pa-
rametrized theoretical EXAFS data generated via RBEF
3.11 code$? Best fits to the first coordination sphere were
obtained using two shells of atoms, one of Cu and the other
of Fe, displaced from one another. Results indicate that the
nearest-neighbor chemistry of the HEBM samples are very
ﬁlose to that of the nominal stoichiometry of the starting
materials indicating that atomic-level mixing has occurred

FIG. 12. Schematic representation of atom arrangements whic
are consistent with the EXAFS modeling resigttse drawing is not

drawn to relative scajeThe solid circles represent lattice sites in an and4a FSUpershatuEr;i(t;g'Ss?.lIq'SOIUtloln (.EXISht' iahb
ideal fcc structure with dashed circles representing the background (4) From the itting analysis the nearest-neighbor

plane of atoms. The hashed circles are the atoms displaced from tl%md di;tances for like and_ unlike_ neighbors were deduced.
ideal lattice indicating the dilation of the unlike atom bonds and theBONd distances between like neighbors are very close to
affinity for like pairing. For clarity not all lattice sites are filed. ~ those one would expect for elemental fcc phases of these

elements. However, the unlike atom pairs are calculated to
neighbors experience strong interaction by the overlap of th@€ dilated to a distance of 2.628.01 A. Lattice parameters
s-shell electron wave functions and the hybridization of thec@lculated using the bond distances determined from EXAFS
inner p andd shells. However, the dilated bonds measured®"® found to be in excellent agreement with those measured
between Cu and Fe indicate either a very weak interaction ofi@ XRD. _ . _
a repulsion exist between unlike neighbors. Pearson suggests (5) The atomic radii deduced from EXAFS modeling are
that bond dilation observed in solid solutions may occurcOmpared with those determined from XRD measurements
when repulsive forces are generated by the overlap of th@nd those calculated using Goldschmidt and Pauling radii.
tails of the electron wave functiorisHowever, because the The EXAFS radii corresponding to like atom pairs are in
magnetic moment of Fe is largely unaffected by the intro-€xcellent agreement with the values from XRD, Goldschmidt
duction of Cu there is little or no hybridization of the g@e ~ and Pauling. However, the unlike atom pair bond distances
shell by the Cu 4, 3p or 3d electrons. We propose that the &€ much greater than the sum of these radii. A qualitative
strong interaction between the like atom pairs provide CouMedel is proposed that attributes this effect to a Coulombic
lombic forces which establish geometrical limitations which displacement of unlike pairs caused by the affinity for like
prohibit the Fe-Cu pairs from coming any closer than thePall bonding. This affinity originates from the hybridization

measured distances. of the valence electron wave functions, acts to define a mini-
mum interatomic distance between like pairs in the fcc struc-
V. CONCLUSIONS ture, and displaces the unlike pairs, which have a lower bind-

ing energy, away from one another.
These results establish that atomic-level mixing has in-
deed occurred around Fe and Cu sites in these HEBM Cu-Fe

CUF d CuFer high- ball-milled (HEBM samples. _Although resear_chers have long assu_med that
saursr?pl?asg a:g invgsoti(;t%e ;Ee Z?feegg OfaHrgé,a (()n the )IocaIHEBM facilitates the formation of alloys through solid-state

structure and chemistry of samples having a positive heat &ansfqrmayon;, oftgn using t.he d|sappearance of the Bragg
mixing. reflections in diffraction experiments as evidence, this repre-

(1) X-ray-diffraction measurements for both HEBM sents direct experimental evidence obtained via an element-

samples illustrate only one family of fcc diffraction peaks specific, local !orobe havmg sufficient s_ensitivity o investi-
suggesting that the Fe and Cu coexists in a single fcc phas8at€ the chemistry of the first coordination sphere.
Lattice parameters of 3.641 and 3.634 A were calculated for
the CuygFe;p and CygFe; samples, respectively. These val-
ues are significantly greater than that of fcc Cu, 3.615 A, The authors express their appreciation to Dr. Kristl Hatha-
representing a 2.1 and 1.6 % increase in unit-cell volumeway (NRL) for valuable discussions concerning the magnetic
respectively, and are larger still compared with the valuesind electronic properties of the Fe-Cu and Fe/Cu systems,
predicted by Vegard’s lauB8.6025 A for Cu,Fe;, a change and to Professor J. J. Rehr and associdtdisiversity of
of 3.24% in volume, and 3.6075 A for GyfFe;, a change of  Washington for providing us with the theoretical EXAFS
2.22% in volume. Lattice expansions of similar magnitude simulation (i.e., FEFP codes used here. This research was
have been measured in other HEBM Cu-Fe sanmfjles. carried out in part at the National Synchrotron Light Source
Vapor-quenched Cu-Fe films have been measured to ha®rookhaven National Laboratories, Upton, New Yprk
much smaller lattice expansiofts. which is sponsored by the U.S. Department of Energy. In
(2) Fourier-transformed Fe and Cu EXAFS data illustrateaddition, some of the samples included in this research were
that both the Fe and Cu atoms reside in a close-packed aprocessed and characterized with support from the Spanish
rangement similar to that of fcc Cu. A shift in the nearest-CICYT through projects Mat. 92-0491 and Mat. 92-0404.
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