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Unoccupied-state electronic structure in (NiyPt& y )75PQ5 and Ni&op „P„metallic glasses
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The L&l»&-edge x-ray absorption near-edge structure (XANES) of Pt and the K-edge XANES of
Ni have been measured for the amorphous (Ni~Ptl „)75PQ5 system. The Ni-K-edge XANES in

roller-quenched amorphous Niloo „P„,and Ni-L/$7 edge XANES in electrodeposited amorphous

Niloo „P„have also been obtained. Results on (Ni„Ptl y )75P25 agree qualitatively with expectations
based on recent relativistic Korringa-Kohn-Rostoker coherent-potential-approximation (KKR-CPA)
calculations for Ni Ptl „solid solutions. Similar agreement is found between our experimental re-

sults on Niloo „P„and recent KKR-CPA calculations for this system. No evidence is found for Pt
or Ni d-hole filling in any of these metallic glasses. Finally, our results on electrodeposited

Niloo „P„are similar to previous measurements on chemically deposited Ni80P20 carried out by oth-

ers.

I. INTRODUCTION

Transition-metal plus metalloid (TM-M) metallic
glasses are studied by a number of techniques which rnea-
sure the density of d states at the Fermi level, pd(Ez). It
is commonly found in such measurements that pd(E~) is
sharply reduced in the glass relative to its value in the
pure transition metal, ' and the observation of such a
lowering of pd(E+) is often interpreted as evidence for a
filling of the TM d band in these systems. ' Recently,
however, Pease et al. pointed out that the x-ray absorp-
tion near-edge structure (XANES) of a number of TM-M
glasses and related crystalline alloys shows little evidence
for d-band filling. In addition, these authors found that
the number of local Pt 5d holes per Pt site in a
(Nip 5pPtp 5p)75Pp5 metallic glass actually increases in the
alloy relative to pure Pt; whereas for the alloy, Hines
et al. had by measurements of the Pt Knight shift previ-
ously demonstrated a decrease in the pd(E+) of local Pt
sites. ' Pease et al. discussed a model for resolving such
apparently contradictory results. In this picture, the ad-
dition of metalloid atoms does result in an energy
broadening of the d-hole distribution and a lowered
pd(Eq); however, because of the inherent core-hole life-
time broadening of XANES, the latter type of experiment
does not resolve the changes in pd(E~). Rather, XANES
is sensitive to the total d-hole count, and the integrated
number of local d holes per TM site in these alloys is not
found to decrease relative to that of the pure transition
metal.

In the present work, systematics in the XANES of dif-
ferent compositions of amorphous (Ni„Pti „)75P25 and
Ni&pp „P„glasses have been observed. The results further

support the general conclusion that the presence of metal-
loid atoms does not result in the filling of transition-metal
d holes. Furthermore, the results are in qualitative agree-
ment with recent one-electron band-structure calculations
on related systems. '

The present studies of the amorphous Ni&pp „P„sys-
tem are of interest for reasons outside the domain of the
context discussed above. The Ni LD& XANES of chemi-
cally deposited, amorphous Ni80P20 has been previously
measured by Belin et al. at the same time, there is
strong evidence from phosphorous Knight-shift measure-
ments for significant differences between the s-character
electronic structure of chemically deposited versus electro-
deposited amorphous Ni-P, " and for a corresponding
polymorphism in this system. Thus, we have measured
the Ni Lm XANES of a series of electrodeposited
Ni&00 „P„amorphous alloys and compared our results to
the previous work on the chemically deposited system by
Belin et al. , 'p in order to search for corresponding differ-
ences in the Ni 3d electronic structure between these two
types of amorphous Ni-P.

II. EXPERIMENTAL APPARATUS
AND PROCEDURE

As a general rule, the optimum sample thickness for
transmission XANES is such that the thickness t of the
element whose edge is being measured is of the order 2/p,
where p is the linear absorption coefficient on the high
absorbing side of the absorption edge. Thus, for Ni L«&
edges, samples should be of the order of 1000 A in thick-
ness, and for Ni EC and Pt I. edges, sample thicknesses
should be roughly 10 pm or less. For the Ni-K-edge
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XANES in Ni, QQ „P„,samples were polished down from
a roller-quenched ribbon using a polishing wheel and a
special thin-foil mounting device developed by one of us
(M.C.). On the other hand, it was not possible to polish
mechanically samples which were sufficiently thin for
Ni L-edge work. These samples were fabricated using a
procedure described as follows. First, a copper film was
evaporated onto a specially thinned polypropylene sheet.
During the evaporation the polypropylene was cooled
from in back by contact with a water-cooled, convex
copper block. The Ni&oo „P„alloy was then electrode-
posited onto the vacuum-deposited copper film. Electri-
cal contact was made using conducting paint, and the
electrodeposition was carried out using Brenner's bath as
described by Cargill. ' ' The (Ni«Ptl «)75P25 samples
were splat-quenched foils that were not suitable for
mechanical thinning. However, it was possible to find
small areas on the edges of these foils which were suffi-
ciently thin for the Pt-L-edge and Ni-IC-edge XANES
measurements, yet were pinhole free. These regions were
carefully masked off with lead, and although the resulting
areas were too small for use in a laboratory spectrometer,
the large intensities available with a synchrotron source
insured that the resulting sample areas were sufficient.
Roller-quenched and splat-quenched foils were character-
ized by x-ray diffraction to insure their amorphous na-
ture, and by chemical analysis to check the chemical corn-
position. Electrodeposited Ni Ioo „P„samples were
characterized by two different techniques. First, thin
electrodeposited samples were chemically analyzed by
atomic absorption (nickel) and colorimetry (phosphorous)
by a certified testing laboratory. Corresponding thick
samples were built up on copper substrates by longer elec-
trodeposition times. These bulk samples were analyzed
using a microprobe and by means of x-ray diffraction.
The analyzed phosphorous content of the thin-film sam-
ples consistently exceeded that of the bulk samples, as
analyzed by microprobe, by 2—3 at. %. Since the type of
analysis used for the thin films also gave a phosphorous
composition higher, by approximately 3 at. % than the
known composition of a bulk test standard, the mi-
croprobe results were used in assigning the most accurate
nominal compositions to the thin Ni~oo P„ films. X-ray
diffraction of the 25—at. %—P phosphorous sample re-
vealed only the expected broad diffraction peaks charac-
teristic of an amorphous structure. Cargill's results imply
that for phosphorous concentrations in the range of 11 at.
% or lower, electrodeposited NiIQQ „P~ exhibits an in-
teresting diffraction pattern with traces of broad peaks
corresponding to Ni in a (111) fiber texture. ' In the
present study, traces of such a fiber texture are also ob-
served for the two samples of lower phosphorous compo-
sition. As will be seen, the Ni L»I XANES of the electro-
deposited Ni&oo ~P„system exhibits a systematic concen-
tration dependence of the XANES, despite the evidence
for differences in structure between low- and high-
phosphorous-containing samples.

The x-ray absorption spectra were obtained on two dif-
ferent kinds of facilities. The K edges of Ni and L edges
of Pt were obtained using the C2 beam line of the Cornell
High Energy Synchrotron Source (CHESS) facility (Cor-

nell University, Ithaca, New York). A channel-cut silicon
monochromator crystal with a (220) cut was used, and the
resolution is estimated to be on the order of 2 eV. The
L-edge spectra of Ni were obtained using a double-crystal
laboratory vacuum instrument described by Gregory and
Best. '~ Rubidium acid pthatalate (RAP) crystals were
used, with a resolution at the Ni L edge of approximately
1.8 eV. The double-crystal spectrometer was operated in a
"8—38" mode. In this method of operation, the first
crystal is moved by a change in angle 68, and the second
crystal is moved in the same rotation direction as the first,
but by 358, in order to change the effective Bragg angle
by b,8. This method of operation makes possible certain
simplifications in the operation of a double-crystal labora-
tory spectrometer, and will be described elsewhere. '

Finally, in terms of instrumental errors, the "x-ray
thickness effect" is of importance. ' ' For the data taken
with the synchrotron, it was found that varying the thick-
ness of sample absorbers did not effect the shape of the
XANES spectra, and that thickness effects could there-
fore be considered negligible for the Ni X and Pt L»t »
absorption edges. The Ni L»& edges taken with the labo-
ratory vacuum spectrometer showed the usual large thick-
ness effects and the calibration method described by
Pease' was used to separate electronic structure from
sample thickness effects on the spectra. In addition to the
fact that the synchrotron data were free from thickness-
effect distortions, it might be mentioned that excellent
XANES spectra were taken in a few seconds per sample
using the hard-x-ray synchrotron beam, whereas the labo-
ratory soft-x-ray data required a continuous running time
of approximately a week.

III. RESULTS

The Pt LI» and L» edges in pure Pt and three compo-
sitions of (Ni«Ptl «)7qP25 are shown in Figs. 1. and 2.
There is a negligible effect on the Lt»-edge peak max-
imum due to varying the Ni to Pt ratio. All the alloys
have an L»I-edge maximum, or "white-line, " which is
slightly lowered and broadened relative to that of pure Pt.
On the other hand, there are small, but definite systematic
changes in the shape of the Pt-L»-edge spectra as the Ni
to Pt ratio is changed. The area under the threshold re-
gion of the L» XANES is larger for each alloy than for
pure Pt, and the increase of the Pt to Ni ratio systemati-
cally flattens and lowers the L» XANES peak. [In the
previous study of the one (Ni&QPt5Q)75P25 composition, a
small pre-edge dip was detected 7N.o discussion of this
feature was then made because of the possibility of an in-
strumental artifact. This pre-edge feature did not appear
in a subsequent synchrotron run, although other features
of the spectra were reproduced. ]

The Ni LI»-edge spectra of electrodeposited Ni&00 „P„
are shown in Fig. 3, along with Ni LI» edges for several
thicknesses of pure Ni. It is evident that the addition of
phosphorous has two pronounced effects on the spectra.
(1) The peak of the absorption white line, and consequent
location of the Fermi level, is shifted to higher energies as
the P content increases. (2) Relative to the pure Ni case,
the average value of the absorption coefficient does not
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FIG. 1. Pt-l. qlq-edge XANES for amorphous
(Ni„Pt~oo „)75P25 and pure Pt. The spectra are normalized by
subtracting the pre-edge background and then normalizing to a
node in the extended x-ray absorption fine-structure (EXAFS)
region.

flatten out so quickly for energies greater than that corre-
sponding to the absorption peak. Pease has developed a
method for separating thickness-effect distortions from
true effects of alloying on electronic structure, by means
of a calibrition curve which utilizes different thicknesses
of pure calibrations samples. ' Figure 4 shows such a
thickness-effect calibration curve for the data in Fig. 3. If
thickness effects are accounted for, there is no discernable
effect of alloying on the relative height of the Ni white-
line maximum, as is evident from the fact that pure Ni
and metallic glass samples all plot smoothly on the same
thickness-effect calibration curve.

Figure 5 illustrates the comparative shape of the Ni-E-
edge XANES of pure Ni, roller-quenched NlsoP2p, and
two compositions of (Ni„Pt~ „)75P25. It may be seen that
the near-edge structure in the Nl8pP2p alloy is largely
washed out compared to that of pure Ni. There is some
structure in the Ni XANES of the Pt-containing metallic
glasses, however, which looks quite different from that of
NisoPt20. There appears to be systematic enhancement of
this structure as the Pt to Ni ratio increases.

IV. DISCUSSION AND CONCLUSIONS

A. Pt L edges in amorphous (NiyPt& y)75P2s

Brown et al. did an experimental-theoretical study of
the pure Pt XANES and pointed out that there is a sharp
white-line maximum for the Pt I m, but not the Ln,
edge. ' This observation indicates that there are predom-
inantly Sd5~2 holes, and few 5d3/z holes, just above the
Fermi level in pure Pt. A calculation of the band struc-
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FIG. 2. Pt-L~~-edge XANES for amorphous
(Ni„Pt~oo „)75p25 and pure Pt. The spectra are normalized by
subtracting the pre-edge background and then normalizing to a
node in the EXAFS region.
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FIG. 3. Ni-Lqqq-edge XANES for amorphous, electrodeposit-
ed N&oo „P„and pure Ni. These spectra have been normalized
by setting the p~ —pq value for each sample equal to one.
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FIG. 6. Theoretical Pt d~q2 and d3jp unoccupied-state densi-
ty versus energy curves for NisoPt&o, adapted from Ref. 8. The
energy scale is referenced with respect to the muffin-tin zero.

FIG. 4. Thickness-effect calibration curve, Ni Limni edge. The
raw-data values of p~ —p& are plotted versus the raw-data
values of pD —p~.

ture of pure Pt by Mattheiss and Deitz' confirms the ar-
guments of Brown et al. 's

Recently, Staunton, Weinberger, and Gyorffy have per-
formed relativistic Korringa-Kohn-Rostoker coherent-
potential-approximation (KKR-CPA) calculations for
Ni~ Pt~ „random solid solutions. Figure 6 ilIustrates the
decomposition of the, number of local Pt unoccupied
5d5/2 and 5d3/z states per Pt site in Ni30Pt, o, as taken-

from Staunton et al. For comparison, Fig. 7 shows a
plot of the unoccupied d3/2 and d5/z states for pure Pt,
taken from Mattheiss and Dietz. '

Certain general trends are evident from a comparison of
Figs. 6 and 7. First, for both pure Pt and Pt3oNi50, the
number of ds/2 holes per Pt site is predicted to exceed the
number of d3/2 holes. Second, it is evident that the
theoretical ratio between the number of d5/2 to d3/3 holes
is less for the Ni50Ptso random solid solution than for pure
Pt. There is, therefore, theoretical evidence that the addi-
tion of Ni decreases the large difference between the num-
ber of d3/2 and d3/2 holes per Pt site, relative to the case
of pure, Pt.

These theoretical predictions are supported by the data
on the (Ni«Pt& «)75P25 system. In all of these alloys, the
area under the threshold region of the Pt I n edge is less
than the corresponding area under the L qqq-edge max-
imum, just as in the case for pure Pt. On the other hand,
the area under the threshold region of the Pt Ln edge is
greater for all the alloys than for pure Pt. This observa-
tion is in general agreement with expectations based on
comparisons of the calculations for Pt and for Pt„Ni&
Of most significance is the experimental observation that

4
LLI0
O

O

CL

O
Cf)
Q3

E
O
o 20—

I
I
I

1
1

l

Pt

I

0 20 40 60 80
ENERGY ( eV )

FIG. 5. Ni-K-edge XANES spectra for pure Ni, roller-
quenched amorphous Ni8oP2o, and amorphous (Ni~Ptioo —~ ~7sP25.
The spectra are normalized by subtracting the pre-edge back-
ground and then normalizing to a node in the EXAFS region.
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FIG. 7. Theoretical Pt d5~2 and d3/2 unoccupied-state densi-
ty versus energy curves for pure Pt, adapted from Ref. 19. The
energy scale is referenced with respect to the muffin-tin zero.
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there is definite depression of the Pt-L»-edge peak in the
metallic glass upon increasing the Pt to Ni ratio. This
systematic depression of the threshold Pt-L»-edge max-
imum adds strong support to the above interpretation of
our data in terms of a comparison of the theoretical re-
sults for pure Pt and for Pt50Ni50. It is of interest that the
effect of changing the Pt to Ni ratio is rather small in the
concentration region studied here. One might guess that
in the Pt-rich regime, quite small additions of Ni would
have a drastic effect on the d5~2- to d5~2-hole ratio. This
last conjecture would be interesting to test experimentally.
Finally, it would also be of interest to perform experi-
rnents on other systems to see if, in general, the addition
of first-row transition metals (which have "nonrelativis-
tic" band structures) reduces the relativistic spin-orbit ef-
fects found in the d holes of heavy-metal systems such as
pt.

B. Ni Lire edges in amorphous N~oo „P„

Lashmore et al. compared the results of phosphorous
Knight-shift measurements in electrodeposited and chem-
ically deposited amorphous Ni-P. These authors found
evidence of significantly greater phosphorous s character
at the Fermi level for the chemically deposited relative to
the electrodeposited material. " Subsequently, Belin et al'.

measured the L»& Ni XANES of chemically deposited
NisoP20. ' They observed a shift to higher energies of the
initial inAection point relative to pure Ni, and a pro-
nounced broadening of the Ni L»i XANES. For the one

amorphous sample and one Ni sample studied, there was a
decrease in the relative height of the Ni white line in the
alloy relative to that of pure metal. As far as a general
comparison is concerned, our results on electrodeposited
Nijoo P show a similarity to those previously observed
for the chemically deposited alloy. A pronounced
broadening is observed, as is a shift to higher energies of
the threshold maximum with phosphorous addition. Our
thickness-effect calibration curve, however, shows no di-
minution of the relative height of the 3d-hole white line
relative to the pure Ni case. Our two compositions of
lower phosphorous concentration yield XANES with the
same general characteristics as that of the fully amor-
phous Ni75P25 sample; however, the magnitude of the
high-energy shift to the threshold rnaxirnum is less. As
discussed above, the diffraction pattern of our
phosphorous-poor compositions is characterized by an ad-
mixture of "fiber-texture" diffraction peaks, whereas our
most phosphorous-rich sample appears to be totally amor-
phous. Thus, our results, taken together with the work by
Lashmore et al. " and Belin et al. ' on chemically de-
posited Ni80P20, indicate that there is a structure insensi-
tivity in the distribution of unoccupied d states in the
Ni&00 „P„system.

Our results show no evidence for d-band filling in the
Niioo „P„system. There is evidence for qualitative
agreement with recent calculations, in this regard. Re-
cently, Khanna et al. have calculated the electronic struc-
ture of a Ni74P26 metallic glass by a method based on the
KKR-CPA approach. The Fermi level is found to be in
the d band, in agreement with the XANES results on both

the electrodeposited and chemically deposited systems.
The calculated density of states at the Fermi level is
lowered in the glass relative to pure Ni, in agreement with
measurements that are sensitive to that quantity; . on the
other hand, the Ni d-hole region is broadened relative to
that of pure Ni, so that the lowering of p&(E~) does not
imply a consequent filling of Ni 3d holes.

With respect to the similarity of the XANES results for
the d holes of electrodeposited and chemically deposited
Niioo „P„,it may be of importance that the phosphorous
Knight-shift experiments measure directly states of s,
rather than d symmetry. Whereas probes of TM d bands
have generally indicated a certain degree of structure in-
sensitivity, this has not been the case for probes of states
of other symmetry. Thus, Dose and Haertl observed a
pronounced effect of atomic structure on the s, but not d
symmetry states in the appearance potential spectra of
Co5&NiioFe5Bi6Si». Therefore, the kind of electronic
structure differences observed by NMR between electro-
deposited and chemically deposited Ni~oo „P„may not
imply consequent changes in the local Ni 3d holes.

C. Ni E edges

As far as the Ni-EC-edge XANES is concerned, the most
striking observation is the smoothing of the K-edge
XANES in amorphous Ni8oP2o. This result is not unex-
pected, in that both structural and chemical disorder have
been shown to have a pronounced smoothing effect on E-
edge XANES of similar systems. Pease et al. have com-
bined XANES measurements on Al containing TM-based
random solid solutions with average T-matrix approxima-
tion calculations of the band structure. ' Addition of
aluminum was theoretically predicted to produce a pro-
nounced chemical disorder smearing of the TM-based
electronic structure, and the predicted smearing was ob-
served in the XANES. Similarly, Mong et al. have
shown that the IC-edge XANES of Ni75B25 shows smear-
ing due to structural disorder when this substance goes
from the crystalline to the amorphous state. Both
structural and chemical disorder should therefore be at
work to smear the E-edge XANES of Ni&00 „P relative
to that of pure Ni. The X-edge XANES of Ni in the
(Ni«Pti «)75PQ5 system, however, is difficult to interpret.
It is interesting that the appearance of this spectrum is
much different than that of Ni in Niioo „P„,and the dis-
order smearing effects appear to be less. However, specu-
lations on the origin of the large changes in the Ni K
XANES which are caused by the presence of Pt atoms
would be premature at the present time.

Taken together, it may be concluded that the results
discussed in IVA, IVB, and IVC add support to the
model presented in Ref. 7. In this picture, the often ob-
served lowering of p~(E+) in amorphous systems due to
metalloid addition is attributed, not to a filling of TM d
holes, but to a redistribution of the density of states above
the Fermi energy such that the Fermi energy is either near
a minimum in p~(E~) or bordering on a broad "tail" of
d-hole density. Usually, as in the present study, the core-
hole broadening of XANES is larger than the extent of
the d-hole redistribution, so that only a kind of integrated
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d-hole count is observed and the detailed distribution of
the d holes is not detected. One therefore looks for sup-
porting evidence for the above picture such as is presented
here, in that the XANES results agree qualitatively with
careful band-structure calculations for related crystalline
alloys. In retrospect, however, there has been at least one
XANES study in which the d-hole redistribution .intro-
duced by the metalloid in a related crystalline alloy was so
large that details of this structure were experimentally
resolved in the XANES, and it is perhaps not amiss to
mention this result in the present context. The Ni L»1
XANES of Ni, DAlso ordered alloys shows a clear splitting
of the Ni white line. At the time the results on NisoAI&o
were published, comparisons were only possible with
total-density-of-states calculations. Recently, however,
projected d-component densities of states for this alloy
have become available. It is now clear that the high-
energy, split-off component of the Ni white line in the
XANES is largely of d symmetry, so that in this case at
least, XANES was able experimentally to resolve the de-
tails in the high-energy redistribution of TM d holes due
to metalloid addition.
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