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Electronic structure of Ni-Cu alloys: The d-electron charge distribution
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This work investigates charge redistribution in a series of Ni-Cu alloys using x-ray photoemission spectros-
copy (XPS) and Ni/CuL 3 - andK-edge x-ray-absorption near-edge strucifANES). XPS results show that
the constituentl bands are well separated and shifted to a slightly higher binding energy upon dilution into the
other host, indicating that the atomic sites in the alloy are not as well screened relative to the pure metal.
However, no significant-band narrowing is observed, suggesting that there is malddsinteraction in the
alloys. In contrast to the XPS observation, XANES results show a reduction in white-line intensity at both
edges relative to the pure metal suggesting that both Ni and Cu sited gharge. The unoccupied Miband
is far from fully occupied even at infinite dilution. The discrepancy between the implications of the XPS and
XANES results is dealt with using a charge redistribution model in whkighid rehybridization takes place at
both sites within the framework of electroneutrality and electronegativity considerations. It appears that both
Ni and Cu gain a small but measurable amound @harge in alloy formation through rehybridizatidoss of
non-d conduction charge Possible connection between these results and the disappearance of ferromagnetism
in Ni; _,Cu, alloys atx>0.6 is discussed S0163-18208)04024-1

. INTRODUCTION oretical calculation$™*® showed that while the binding en-
ergy of the Cud band remains unchanged, the densities of
The electronic structure of binarmyd-transition-metalln  states of the Ni @ band are modified significantly in both
=3, 4, 5 solid-solution alloys has traditionally received ex- width and line shape due to rehybridization. Unfortunately,
tensive attentiod. More recently, particular emphasis has owing to the limitations in the energy resolution in these
been placed on the evaluation of the nature of the alloy earlier measurements, results of Cordts, Pease, anbfza
band andd-charge redistribution at the constituent ste%. and Meitzner, Fischer, and Sinfelt were not conclusive. Fur-
The energy distribution of thedBelectrons in Ni-Cu alloys is thermore, a resonant photoemission stiidghowed that
a classical example of alloying and has been described by thedectron transfer occurs from Nid3states to Cu 4 states in
so-called rigid-bandRB) model? In this model, the conven- contrast to the direction proposed by the RB model. It should
tional wisdom has been that Ni and Cu form a fcc alloy inbe noted that in metals the charge count at the atomic site
which the Nid band becomes progressively filled with in- (Wigner-Seitz volumgtends to remain neutral. Thus only a
creasing Cu concentration. Ni and Cu are both fcc metalsmall fraction of net charge transfer will occur upon alloy-
with atomic electronic configurations of s#3d® and ing. The cohesion is accomplished byd and itinerantsp
4s'3d1° respectively, in the solid state and are traditionallytype conduction electron interaction modified by the elec-
described asl® andd'® metals. In Cu thal band is nomi- tronegativity difference of the constituent metals. Granted
nally full. The RB model assumes that the one-electron denthat electroneutrality is the rule, charge redistribution can
sity of state wave function is the same for Ni, Cu, and Ni-Custill occur via hybridization without any significant net
alloys; that is, that the constituents donate their valence elecharge flow on and off a site. For example, in Au-transition
trons to a common band structure. This model predicts thaand metalloid binary alloy$,Au losesd charge and over-
the Nid band is completely filled at a Cu composition of compensates its loss by gaining ndr(sp) charge so that
60%. This finding correlates with the experimental observaAu, the most electronegative element, gains a small net
tion of the disappearance of ferromagnetism at thischarge(typically, ~0.1e), in accord with electroneutrality
composition:® However, investigations of a series of Ni-Cu considerations.
alloys at the Ni and CW 3, edge using x-ray-absorption In this paper we report results from two sets of experi-
near-edge structure(XANES) by Cordts, Pease, and ments for a series of Ni-Cu alloys with the following objec-
Azaroff'! and Meitzner, Fischer, and Sinfélishow that the tives in mind:(a) To reexamine the validity of the RB model
RB model fails in predicting thel-charge counts. Their re- with high-resolution results an@) to investigate the system-
sults indicate that there is no significant decrease in the nunatic of d-d interaction and charge redistribution in binary
ber ofd holes as Cu concentration in these alloys increasegransition-metal alloys in Cu and Ni with nominally full and
On the other hand, photoemission spectrostdfiand the-  nearly full d bands, respectively. We have carried out high-
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resolution x-ray photoemission spectrosc¢gi?S measure- @
ments of the Ni and Cul valence band and XANES mea-
surement at the Ni and CK and L3, edges. The XPS
measurements of the valence band probe the occupied den-
sities of states just below the Fermi level. The XANES mea-
surements of Ni and Cl; , edge probe directly the unoccu-
pied Ni and Cu 8 states just above the Fermi level, while
K-edge measurements probe the unoccupied stajesiwdir-
acter. Results obtained from these measurements will pro-
vide information on the role of Ni and Cd electrons and
their redistribution in Ni-Cu alloying. This information is
also relevant to the study of the electronic structure of bime-
tallic systems in general.

Normalized photoemission (arb. units)

Il. EXPERIMENT 6 4 2 0 2 ! !
_ The Ni-Cu samples were prepa_lred by rep_eat_edly quench- ! Binding energy‘;ev) !
ing from the melt a stoichiometric amount in inert atmo-
sphere of the pure constituents as described for similar com- )
pounds previously.The single phase and concentration of & M o
the samples were confirmed using x-ray diffraction and §_ 2 Cu L B .
energy-dispersed x-ray fluorescence analysis. High- =
resolution XPS measurements were made at the low-energy & 11 Ni a
spherical grating monochromatdt. SGM) beamline, and e oL A RN TR el &
XANES measurements for Ni and Qus, edge were also 3 L L L L
taken at the high-energy spherical grating monochromator = 0.0 0.2 0.4 0.6 0.8 1.0

(HSGM) beamline, respectively, at the synchrotron radiation Cu concentration
research centdiSRRQ in Hsinchu, Taiwan. The SRRC op- . . .
erated at 1.5 GeV with a stored current of 200 mA at injec- FIG'Tlh @ RepresentatuvehNuae\l/;jalgn(l:e-bant;j Sgecua ?f N"Tc;]u
tion. The LSGM beamline for the XPS measurements wag. > ' "€ Inset presents the alence-band spectra. 1he

. . intensities have been normalized to the maximum height of the
equ[:l)oed Wlth. an URHV Chambet(ba;e pressure~>5 bands.(b) A plot of Ni and Cu 3 binding-energy position vs Cu
X 10 to_rr dur!ng the measuremeitsvhich has an EAC- concentratior in alloys.
125 hemispherical electron energy analyzer. The samples
were cleaned by repeated cycles of argon-ion bombardmewts expected, at low Cu concentrations the valence band is
and annealed to 550—-600 °C for about 15 min. Some predominated by the Ni 8 band component at the Fermi level.
liminary core level and exchange interaction to Ni 8wul-  The intensity of the Cu 8 band relative to that of Ni in-
tiplet splitting measurements were carried out with an in-creases as Cu concentration increases. The shape of the Ni
house XPS spectrometer using monochromaticki&d x  3d band only narrows slightly even at low Ni concentration
rays. The Ni and CilL; -edge XANES spectra of the Ni-Cu while no narrowing is noticeable for the Qiiband. It is
alloys were measured in an UHV vacuum chambimmse generally recognized that the development of the alloy dNi 3
pressure of better than>510 ° torr) using total electron component which crosses the Fermi level in the pure metal
yield (sample current The specimen’s surface was cleanedmay profoundly influence the onset of ferromagnetism near
by scrapingin situ with a diamond file. Photon energies for critical composition in the Ni-Cu alloys’ Close examination
all Ni and CuL 3 -edge XANES spectra had an energy reso-of the energy position of maximum intensity of the Cu and
lution of ~0.4 eV, and were calibrated against the publishedNi 3d bands reveals that the Cud3and moves slightly
spectra of pure N{Ref. 18 and Cu(Ref. 8 metal. The Ni  toward the low-binding-energy side from2.7 eV below the
and CuK-edge XANES measurements were also carried ouFermi level atx=0.1 to~2.3 eV atx=0.9 as Cu concentra-
in a total electron mode both at the wiggle beamline of thetion increases while the accompanying Ni ®and moves
SRRC and at X11A of NSLSNational Synchrotron Light toward the Cuwl band. The binding energies of the Cu and Ni
Source at Brookhaven National Laboratory. A (311 3d band maximum as a function of Cu concentration are
double crystal monochromator was used to record the speghown in Fig. 1b). Extrapolation of Fig. b) to x=0 and 1
tra. yields the position of maximum intensity of ttee band at
infinite dilution of ~2.1 and 0.1 eV for Cu and Ni, respec-
tively. They are only shifted slightly relative to the metal.
The near invariance of thd-band width with composition

Figure Xa) and inset present the XPS spectra of Ni andalso indicates that there is significant conducti@p)¢d

Cu 3d valence bands in the Ni,Cu, alloys at anoff-  electron scattering contribution to the width even for an iso-
resonancebelow the Ni 33, 1o threshold photon energy of lated site in a dilute alloyno nearest neighbors of like at-
60 eV. The Ni and Cd components in the Ni ,Cu, d band  omsg. Similar binding-energy results for the GNi) d band
are well separated. The peak height of the valence band ahifts toward the low-binding{high-binding) energy side
maximum intensity is normalized to unity for comparison. with increasing Cu content in Ni,Cu, were also observed

Ill. RESULTS AND DISCUSSION
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in a separaten-resonant photoemission study at the photon
energy of 67 eV(Ni 3pg, 1/, threshold.?° The positions of . L, Ni Lj,-edge
Cu and Ni 3 bands in our XPS spectra are in contrast to '
some earlier photoemission measuremérifsand theoreti-
cal calculationg®1®These earlier results showed that the en-
ergy separation between the @iand and the Fermi level is
essentially unchanged. Nevertheless, in our high-resolution
experiment, the Cd band in the Ni-Cu alloys clearly moves
to lower binding energy as the concentration of Cu increases,
as observed in still other earlier repots’! Thus from the
perspective of the individual components, thband of both
Ni and Cu moves slightly but noticeably towards the Fermi
level as they change from infinite dilution to a dominant
constituent in the alloy. We attribute this behavior to the
result of charge redistribution at the Ni and Cu atomic
sites?>'” Another approach in describing alloying is the re-
pulsion model in which the constituedtband retains essen-
tially its atomic character. According to tht:d repulsion
model?? we would expect the Cudband shifts to higher . . .
binding energies in Ni-Cu alloys with decreasing Cu concen- 340 860 380 900
tration, accompanied bg-band narrowing. Based on elec-
troneutrality arguments, the positive shift in binding energy
of the Cud band in the alloy relative to pure Cu is expected FIG. 2. Normalized NiL;edge x-ray-absorption spectra of
to be accompanied by the shifting of the Nil &evels in an  Ni-Cu alloys and pure Ni metal at room temperature.
opposite direction. However, experimentally the correspond-
ing Ni d band appears to shift towards the @wband with  features were attributed to the transition of electrons from the
increasing Cu concentration without noticealled repul-  Cu 2p to the unoccupied states above the Fermi levielt
sion. At first glance, this finding indicates that both Ni andshould be noted that although the @uband is nominally
Cu are losing charge upon dilution into the other host. How4ull, s-p-d rehybridization results in unoccupied densities of
ever, the Ni 2 XPS shows that the Ni2 core levels in  states ofd character above the Fermi level. This assignment
alloys shift slightly to lower binding energy, in opposite di- is also supported by theoretical band md8ieind multiple-
rection to the movement of thé band. The effect of the scattering calculation®. It should be noted that of the three-
charge redistribution at both Ni and Cu atomic sites is furtheipeak feature, noticeable variation is found mainly for the
investigated using Ni and Cu; redge anK-edge XANES  second and third peak8irst peak basically remains constant
spectra of which the white line probes directly the local un-in the CuL;-edge XANES spectra. They shift progressively
occupied partial densities of states @fand p characters, to higher photon energy relative to the pure Cu metal as Cu
respectively, above the Fermi level.

Figures 2 and 3 display the normalized Ni and Cu
L; redge XANES spectra for a series of)NjCu, alloys as
well as Ni and Cu metals. According to dipole-selection
rules, the dominant transition is from KCu) 2p5, and 204,
to the unoccupied NiCu) 3d electron states. The area under
the white line in the Ni(Cu) L; redge XANES is predomi-
nately a convolution of the square of the transition matrix
element and the unoccupied densities of statabafaracter
(p to s transitions is relatively small From Fig. 2, it is
apparent that the shapes of theNi-edge XANES for the
Ni;_,Cu, alloys are nearly the same throughout the range of
x values and closely resemble that of the pure Ni metal. In
addition, the high-energy satellite structure which occurs at
~6.3 eV above the NL;-edge main features in the XANES
spectra is presumably caused by the excitation of pli;2
photoelectrons to gstates above the Fermi le%&br due to
a multielectron effect since Ni has a well-known 6-eV satel-
lite associated with a poorly screendd state in its photo-
emission spectra of both core and valence shells. The spec-

Normalized absorption (arb. units)

Photon energy (eV)

Cu L;,-edge

Normalized absorption (arb. units)

tral line shapes at the Aus -edge XANES spectra of Ni-Cu 920 940 960 980

alloys (Fig. 3 closely resemble that of the pure Cu metal Photon energy (eV)

which exhibits a characteristic three-peak feature above the

Cu L3 edge. Similar three-peak features at Cy-edge FIG. 3. Normalized CuLjredge x-ray-absorption spectra of

XANES spectra have been seen in fcc Cu-Au alloys. Thes@li-Cu alloys and pure Cu metal at room temperature.
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FIG. 4. NiLs-edge difference curve between all(solid line) FIG. 5. CuLs-edge difference curve between all@olid line)
and Ni (dotted ling; the area under the difference curve in the @nd Cu(dotted ling; the area under the difference curve in the
region of interest is darkened. region of interest is darkened.

concentration becomes more dilute in the Ni-Cu alloys. Thigied out by matching the absorption coefficients from the
observation is in line with the general trend found in the XPSpreedge region dt; edge to several eV abous, edge for
study of the Ni-Cu alloys discussed earlier, which shows thalNi edge, and from the preedge regionLatedge to several
the Cu 31 band shifts to higher binding energy. PresumablyeV below L, edge for Cu edge. A different normalization
Ni-Cu d-d interaction drops the occupied states and pusheprocedure is used because the main feature in the,&2dge
up the unoccupied states relative to the Fermi level. The shiftegion is seriously inhibited by its large background absorp-
of the Cu 31 three-peak pattern in thie;-edge XANES is  tion (Ni) as Cu becomes more dilute in the alloys. Assuming
related to charge redistribution at the Cu and Ni atomic sitethat the dipole transition matrix element remains a constant
in alloys. However, in contrast to the three-peak featuredetween the alloys and pure metals, the area under the dif-
(mainly for second and third peakst the Culs-edge ference curve(henceforth denoted adA), i.e., the filled
XANES spectra, there is only a single white line and noarea, is proportional to the variation of unoccupitoles at
observable shifts of the absorption features at the Nedge ~ Ni and Cu between the alloys and metals, respectively. We
for all the Ni,_,Cu, alloys, except for the satellite structure have integrated the intensity &fA between 850.9 and 857.7
above the NiL; edge, which shifts slightly to lower photon €V for Ni L; edge(excluding satellite structuy@nd between
energy with increasing Cu concentration. It should be note@®31.0 and 947.0 eV for Cl; edge, respectively. The results
that although it is common to observe similar XANES pat-for the variation of the integrated intensity AfA at the Ni
terns for metals of the same crystal structure, especially i@nd CuL ; main features as a function »fare plotted in Fig.
the extended x-ray absorption fine structu(EXAFS), the 6. The integrated intensities &fA for both metals decrease
XANES for Ni and Cu(both are fcg are quite different in  upon dilution into each other, indicating that the overall
that Cu has this interesting three-peak pattern. Pd and Ag, Pumber of Ni(Cu) 3d holes decrease@ncreaseklinearly
and Au, for example, have quite similar XANES except for with x in Ni;_,Cu,. The above result is in qualitative agree-
the presence and absence of white lih&We tentatively ment with the previous finding&that the Ni 3 holes are
attribute this observed distinct difference between Cu and Nonly slightly filled with increasing< in the Ni-Cu alloys. In
to either high resolutiofiinstrument and long core hole life- addition, we find that within the concentration ranges we
time) or a unique feature for @ metals with filled or nearly studied, the slope in intensity afA(Cu) at CulL; edge
filled d bands. (|slopg=2.3) is quite close to that afA(Ni) at Ni L5 edge

To qualitatively determine the direction of charge redis-(|slopé=2.1). This suggests that both Ni and @orbitals
tribution with Cu concentration in Ni-Cu alloys, we com- are gaining a similar amount af charge, a surprising result.
pared in Figs. 4 and 5 the difference in the area under th&ince charge must conserve and metallic systems tend to
white line of the Ni and Cu_3-edge XANES between the maintain charge neutrality locally, both Ni and Cu must then
Ni-Cu alloys and Ni and Cu metals, respectively. All spectralosesp conduction charge count via rehybridization. Bearing
have been normalized to an edge jump of unity. The threshin mind that both Ni and Cu have comparable electronega-
old E, of the alloy spectra is aligned with that of the corre- tivity and the charge redistribution on and off sites is small in
sponding pure metals. The normalization procedure was canet charge counts, it is entirely possible both Ni and Cu gain
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FIG. 8. Normalized CuK-edge x-ray-absorption spectra of

FIG. 6. Plot of difference curve intensitA@) vs Cu concen- . .
. . L . Ni-Cu alloys and pure Cu metal at room temperature. The region of
trationx in alloys. The solid circle and open circle representaife - o
threshold edge is inset on a magnified scale.

(Ni) and AA (Cu), respectively. The dashed lines serve only as a
visual guide for theAA data.
of the s-p-d orbitals at both metal sites in Ni-Cu alloys. The

d charge and lose nodicharge. Although more recent the- d bands become more localized, gaining a srdatiount at
oretical calculation addressing charge transfer in Ni-Cu althe expense of losing some ndreonduction electronss(p)
loys is still lacking, earlier investigations have demonstratedso that there is negligible net charge transfer between the
that this kind of synergetic charge redistribution is a generasites. The involvement of conduction electrongafharacter
behavior of transition-metal alloys?® in rehybridization can be revealed from tkeedge XANES

From Fig. 6, theAA trend at Ni and Cl; edge demon- which probes the unoccupiqustates above the Fermi level.
strates that both Ni and Cu gath charge. Thus we can Figures 7 and 8 show the Ni and Cu edgedge XANES of
conclude that the charge flow is essentially a rehybridization
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FIG. 9. The Ni 3 XPS spectra for some representative alloys.
FIG. 7. Normalized NiK-edge x-ray-absorption spectra of The final curvegsolid line) were calculated by a summation of two
Ni-Cu alloys and pure Ni metal at room temperature. The region ofindividual peak curves shown by the dashed line. The experimental
threshold edge is inset on a magnified scale. data were shown by the solid-circle line.
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several representative compositions with Cu concentrationf AA(Cu) is larger than that ek A(Ni) with increasing Cu
above and below=0.6. It can be seen that the absorption concentration. The near-equiA for Ni and Cu atx=0.6 is
intensity just above the edge for the alloys increases at boterhaps fortuitous and the relevance of this observation to
K edges ax increasegNi dilute in Cu). A similar trend for magnetism awaits further investigation.

the same series of Ni,Cu, alloys was obtained reproduc-  |n symmary, this work investigates the charge redistribu-
ibly at NSLS. This suggests that Ni losescharge which o in 4 series of Ni-Cu alloys by using XPS and Ni/Cy

compensates for the charge gain seen in the Ni; edge. — angk_edge XANES spectra. Thes-edge white-line differ-
The Cu results suggest that Cu gamsharge instead. Thus e cyrve of alloys relative to pure metals at Ni andLGu

Cu must loses charge to maintain electroneutrality locally. edge indicate unambiguously that both Ni and Cu géin
As mentioned garh_er, fgrromagnetlsm dllsappearslwhen th@narge upon alloying while th-edge results show Ni los-
C_u concentration Is h'gher thar=0.6 n a series of ing p charge and Cu gaining charge. In addition, the analy-
Ni;,Cu, alloys. Interestingly, the experimental results of 5ig of A A values reveals that the correlation ®A between
AA‘in Figs. 4 and 6 show that at>0.6, the Ni white line is N anq cuL, edge may be related to the disappearance of
still very intense and the difference in intensities of the N'ferromagnetism at a critical composition in Ni-Cu alloys.
L;-edge white line is still quite small even at infinite dilution e xpPS reveals the systematic movement of the constituent

(extrapolation toc=1). It is apparent that the decrease in néty pangs in the valence-band spectra. All observations have
magnetic moment in these alloys is not just related to diminyeen jnterpreted in terms of a rehybridization model.
ishing Ni 3d holes. We tentatively propose that it is dilution

and spd rehybridization that quenches the interatomic and
s-d exchange interaction of the Ni atoms in the alloy. We
have also measured the N 3nultiplet splitting?’ Figure 9
shows the Ni 3 XPS spectra for some representative alloys. One of the authoréW.F.P) would like to thank the Na-
The multiplet splitting arises from the final state exchangetional Science Council of the Republic of China for finan-
splitting between the Score electron and the unpaired elec- cially supporting this research under Contract No. NSC87-
tron in thed band?® Its magnitude is related to the number of 2613-M-032-003. SRRC is also appreciated for the use of its
unpaired electrongmagnetic moment For Ni metal the beamlines to perform this study. T.K.S. wishes to thank
splitting is ~1.8 eV and it decreases as Cu is added an@&RRC for its hospitality during his visits there. The research
disappears at high Cu concentration. Finally, from Fig. 6, weat the University of Western Ontario was supported by
notice that both Ni and Cu are showing a linear reduction ilNSERC (Canada X-ray experiments were carried out at
white-line magnitude. The value dfA(Ni) and AA(Cu) is  NSLS, which is under Contract No. DE-AC02-76CH00016
more or less the same wher 0.6, beyond which the value with the U.S. Department of Energy.
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