PHYSICAL REVIEW B, VOLUME 64, 184110

Structural and chemical effects on EELSL 3, ionization edges in Ni-based intermetallic compounds
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EELSL 3, ionization edges in several Ni-based intermetallic compounds have been studied and interpreted
in terms of the distribution of electrons in the valertbands. It is demonstrated that the integral EELS cross
sections change only slightly upon the formation of intermetallic compounds and, therefore, the charge transfer
between atoms is negligible. On the other hand, changes in the energy loss near edge fine GEiLESe
of the Ni L3 edge can be readily detected, indicating an important redistributiahetéctrons at the Ni site.
Full-potential linearized augmented-plane-wave calculations of the density of €& and simulations of
the NiL; edge EELS profiles show that these changes correspond to a hybridization betweed bandlliand
d bands of the alloying elements. In contrast, structural transformations in the investigated intermetallic com-
pounds do not significantly affect the ELNES as the typical energy resolution of EELS is not sufficient to track
the slight difference in the DOS between various structural modifications of intermetallic compounds.
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[. INTRODUCTION have related the changes in thg, edges to changes in the
valenced bands of the transition metals. In particular, Leap-

In previous decades, electron energy loss spectroscopyanet al2 investigated a range ofd3metals and concluded
(EELS and x-ray absorption spectroscof§yAS) were rec- that the measured and calculated width of the white lines
ognized as powerful tools to probe the electronic structure imlecreases with increasing atomic number as it correlates with
solids. Both methods provide information about electronicthe filling up of the 3 band. Later Pearsoat al, in an
states around the selected atoms, although XAS typicallgxperimental study of a series ofd3and 4d transition
shows a much better energy resolution than EELS. Howevemetals*® have shown that the white line intensities decrease
the advantage of EELS over XAS is its very high spatialnearly linearly with the occupancy of thé band in each
resolution down to the nanometer levedjlowing the study series. Further, Bottoet al® and later Mulleret al” have
of not only extended crystals but also microstructures, predemonstrated that the observed changes of ELNES upon the
cipitates, grain boundaries, internal interfaces, and other laformation of TM aluminides can be successfully reproduced
tice defects. Still, such specific applications heavily rely on by augmented-plane-wavéAPW) calculations, and these
a full understanding of EELS data from perfect crystals, i.e.changes reflect clearly the bonding trends between Al and
a proper correlation of the observed changes in spectra witliM atoms.
changes in the local electronic structure. The latter changes However, ELNES cannot always be interpreted as a fin-
can be the result of, e.g., local compositional or structuraberprint of the DOS distribution above the Fermi level as
differences(the structural effect on EELS spectra should notmany-body effects under the influence of the core hole in the
be ignoreda fortiori). 2p state cause a redistribution of intensity in the,

In this paper the focus is on the; , ionization edges of edge<® In late TM elements such as Ni and Cu, etc., where
transition metal§TM), which appear due to the transitions the d band is almost full and successfully screens the unoc-
of excited innem, (L, edge and p;, (L3 edge electrons  cupied states from the core hole, a single-particle description
to the empty valence states. The study of the integral EEL$s still appropriatd® On the other hand, in earl§yM ele-
cross sectiorii.e., total number of counts in a particular en- ments with fewd electrons many-body effects are important
ergy window at these edges yields information on the totaland the ELNES shape cannot be directly related to the DOS
charge around a given element, whereas the details of thaistribution'**? Another drawback is that EELS measures
electron loss near edge structUEt NES) relate to the actual the empty electronic states while only the occupied states are
density of stateDOS) distribution above the Fermi level. important for the bonding. Recently, however, Mulfehas
The dipole selection rule allows the transition into thers  suggested a simple model that relates the unoccupied DOS
final states only, and as the probability of a transitionsto distribution to the bonding trends in metals, greatly simpli-
states is much smaller than thatdcstates, only thel band  fying the interpretation of EELS. The model is based on two
needs to be considered. Due to the fact that thizand is  key assumptions: the absence of many-body effects and the
very narrow, specific sharp peaks known as white lines arabsence of charge transfer among atoms upon the formation
generally found at thé 3 , edges. A number of EELS studies of compounds.
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In the present work the changes in the experimental EELS Il. METHODS
L3, edges of transition metals upon the formation of inter-
metallic compounds are investigated and the amount of ] ) )
charge transfer among atoms is estima#sl.initio calcula- Disk-shaped samples of all investigated materials were
tions have been performed in order to relate the observeffinned down to electron transparency by double jet elec-
changes in the experimental spectra to the redistributions dfoPolishing followed by a light ion milling. Details of the
the DOS in the valencd bands. All examined intermetallic Preparation of the original materidin bulk or melt-spun

; ; At 15,19 .y
compounds contain Ni, which was chosen as a probe elemeﬁtl],lapes can be found in earlier publication.**The fin

becausdi) the splitting between Ni, and L, edges is sig- Ishing |or_1-m|II|ng p_rocedure was applied in order to remove
o L i a thin oxide layer introduced by the chemical electropolish-
nificant (while in earlier 31 metals, these can overlgp

) . X jng without noticeably affecting the metallic surface. The
vy_h|ch allows us to track the fine features in the ELNI_ES, ant,psence of an appreciable amount of oxygen in the samples
(i) many-body effects are expected to be small in a Ni

6 . o ) Vwas verified and confirmed by EELS. The energy-loss ex-
atom. The focus is on stoichiometric 50:50 compounds with yeriments were carried out on a Philips CM30 transmission
transition metalSNiMn and TiNi), although one Ni com-  g|ectron microscope equipped with a post-column Gatan im-
pound with ansp metal (NiAl) is also examined mainly for aging filter. The microscope uses a Shottky field emission
comparison with earlier results by Botte al® and Muller gun operating at 300 kV, resulting in a good signal to back-
et al” Also, the environment of Ni atoms in TiNi was ad- ground ratio in EELS. The spectra were collected in diffrac-
justed by introducing Cu or Hf atoms. In ternary tion mode with a camera length of 175 mm, which corre-
TisoNiosCuys [referred to as Ti(NiCu)] and JdHfsNiso [re-  sponds to a collection semiangle of 3.5 mrad. The grains
ferred to as (TiHf)Ni] compounds, Cu or Hf atoms randomly under study were oriented close t9200 zone for NiAl and
replace half of the Ni or Ti atoms, respectively, without aa [101] zone for Ni-, NiMn-, and TiNi-based intermetallic
significant change of the crystal structtft& so that the ef- compounds. Perfect zone orientations were avoided in order
fect of mixed atomic environments on the ELNES of a Nito eliminate possible channeling that could complicate the
atom can be studied. All investigated compounds in theiinterpretation of the inelastic scattering eveflthe esti-
high-temperature modification show thH&2 structure, al- mated energy resolution varies from 1.1 eV in the region of
though, at room temperature, they can transform martensitthe zero-loss peak to 1.6 eV in the region of 800-1000 eV
cally intoL1, in NiMn (Ref. 16, B19' in TiNi (Ref. 17 and loss. Spectra were recorded with a correction for the detector
(TIHNi (Ref. 18, and B19 in Ti(NiCu) (Ref. 15. The dark current and gain yariatio_n. The background was mod-
availability of several crystal modifications allow us to sepa-&led as a power law using a window of about 10 eV in width

rate the effects of the crystal structure and chemical environluSt before the NL ; edge and then subtracted from the edge
ment on the EELS spectra. region. The thickness of the samples varied between 30 and

The paper is organized in the following way. Section I 50 nm(i.e., about half of the inelastic mean free path in these

describes the measurements and treatments of the EEL('%?\?QE?}]re(‘:‘grlgngng'Vn;lgﬁizb;ic?gfgﬁsotrglléroarlr:gﬁﬁr"]g_
spectra and the details of ttad initio calculations. As the 9 ' P

quantification of the spectra is largely affected by plural scatral scattering, the core-loss spectra were deconvoluted by the

Fourier-ratio methott using low-loss spectra collected from

tering, special attention has been paid to establish an acCihe same regions and under the same diffraction conditions

rate procedure for deconvolution and normalization enabling,, oot for a reduced illumination intensity. As the deconvo-
us to properly compare the intensity profiles in different) ion procedure was the major potential source of errors,
compound_s. In Sec. Il A, it is demonstrated _that the |ntegralspecia| attention was paid to establish the procedure of
cross sections of thie; ; edges change only slightly upon the gyitching from a core-loss to low-loss collection, which in-
formation of compounds, which means the absence of agolves a sharp reduction of the incident beam intensity. Fi-
appreciable charge transfer among atoms. The ELNES ajally, a good reproducibility of the deconvoluted spectra is in
fine structure of the NL 3, edges, however, changes notice- favor of the usefulness of the applied procedure. Due to a
ably, indicating relevant changes in the bonding. Sectiorsystematic energy drift of the gun, the accuracy of the abso-
[1l B demonstrates that full-potential linearized-augmenteddute energy measurements was about 2 eV while the variation
plane-wave(FLAPW) calculations can reasonably well re- of the threshold position in different compounds is expected
produce the ELNES changes observed as a result of the foie stay below 1 eV. Thus, for better comparison of the post-
mation of intermetallic compounds and during structuraledge fine structure, the experimental spectra were aligned to
transformations. In Sec. 1V, the effect of chemical and strucmatch the same threshold position defined as the inflection
tural factors on EELS spectra is discussed, emphasizing tHeoint at thel ; threshold.

priority of the first one. Further, FLAPW calculations show
that the observed changes in ELNES of NiMn- and TiNi-
based compounds are caused by hybridization betwdsn
andd TM bands. Finally, a maximum for the value of the  Self-consistent band structure calculations were per-
charge transfer in several intermetallic compounds is estiformed using the WIEN 97 implementatiGr® of the
mated and it is concluded that the model introduced byFLAPW method* with the local-density and generalized-
Muller®® is adequate for the present intermetallic systems. gradient approximatioris for the exchange-correlation po-

A. Experimental procedures

B. Computational details
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tential. The core states were treated in a fully relativistic

. e . (@) L2 (b) L,
fashion. The scalar-relativistic calculations were performed
for the valence band states and thed&hd 3 states of Ni, L, \
Mn, Ti, and Cu atoms and thes5and 5 states of the Hf .
atom. The wave functions within the muffin-titMT) TN
spheres were expanded in spherical harmonics with the an- - i NiMn
I(NICu,

gular momenta up td=10. Additional local orbital exten-
sions were used to avoid linearization errors. Nonspherical
contributions to the charge density and the potential within
the muffin-tin spheres were considered up tg.=4. In the
interstitial region plane waves with reciprocal lattice vectors
up to|G|=10 were included. The electron energy spectrum
was calculated at 165, 168, 128, and Id4oints in the
irreducible part of the Brillouin zone fd2, B19, B19’, and

L1, structures, respectively. The self-consistency is consid-
ered to be achieved when the total energy variation from
iteration to iteration does not exceed PORy. The lattice
parameters for NiMn were taken from Potapetval.?® and

for TiNi from Kudoh et al?’ In the case of ternary TiNi-
based alloys, our own x-ray data for lattice parameters and
atomic positions were used, which are slightly different from
previous data of Nanet al?® and Potapowet al* For each
compound, the same radius of the muffin-tin sphere of Ni
equal to 2.3 a.u. was used. In the case of Ni and NiMn, spin
polarization was included in calculations and the large
k-point sets were tested to ensure good convergence of the
magnetic moment. The electron-energy-loss spectra were
calculated according to the formalism described by Nelhiebel
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et al?° and Hebert-Souchet al*° accounting both for orien- 840 860 900 920
tation of the crystal and for integration over the collection
angle of the experiment. FIG. 1. Examples of background substracted, deconvoluted, and
normalized:(a) Ti, (b) Mn, (c) Ni, and (d) Cu experimental 3,

edges in different intermetallic compounds. For each atom, the cal-
culated Hartree-Slater atomiclike cross section is also plotted. The
area in excess of the calculated atomiclike cross section indicates

the amount ofd holes in the material. For Ni and Cu, the experi-
Figure 1 shows the experimental results of the backMmental spectra of the pure metal are also incorporated.
ground subtracted and deconvoluted Ti, Mn, Ni, andlGy
edges in the investigated intermetallic compouttelscept procedure is based on the assumption that the ELNES fine
for those including HX. As a reference, the same edges instructure quickly fades out when increasing the energy above
pure metals are also measured for Ni and Cu. As has beehe threshold value. Thus, the level of scattering well beyond
reported previously,the ratio between the; andL, white  the threshold will always arrive at the same value in different
line integrated intensities deviates from the value2ol, materials, irrespective of the environment of an atom. There
which is expected on the basis of 21 degeneracy of the is, however, a discrepancy in determining the position of the
initial 2p,,, and 2, core states. This ratio was found to be normalization window, as Pearsat al® place it at 50 eV
0.75, 3.6, 3.0, and 1.7 for Ti, Mn, Ni, and Cu edges, respecbeyond thel 5 threshold while Mulleret al3! place it at 30
tively (and irrespective of the actual compoundhich is eV beyond thd. 5 threshold. The choice is crucial as, on the
close to the numbers measured by Leapraaal® in pure  one hand, the window should lay well beyond the white lines
metals (0.7, 3.1, and 1.7 for Ti, Ni, and Cu, respectively  (which are affected strongly by the solid state bonding ef-
possible explanation of this anomaly is a breakdown of thdects, while on the other hand, placing the window too far
j-j coupling due to an exchange mechanisithe compari- beyond the threshold may cause significant errors in the pro-
son of the NiL3 to L, ratio in various Ni-containing com- cedure of the background subtractites the usually used
pounds with that in pure Ni did not reveal any noticeablepower law interpolation is valid only in a limited energy
difference with the value of 3.0. The vertical scale of therange. In the present experiments, it is noticed that the
experimental spectra is always measured in relative units bestrong variation of ELNES lasts until approximately 15 eV
cause of difficulties in the calibration of sample thicknessbeyond each of theé; andL, thresholds. Therefore, a win-
and beam intensity. For a quantitative comparison, all spectrdow of 10 eV in size was placed at 18 eV after the
obtained on different samples have been scaled using thereshold and all measured cross sections were normalized to
normalization procedure suggested by Peamsioal*° This  this window.

Ill. RESULTS

A. Experiment
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TABLE |. Experimentall 3, cross sections integrated in the @) — Ni fcc (b) —TiNi B19'
rangeL;—3 eV toL,+ 18 eV and normalized to the window placed + NiAI B2
atL,+ 18 eV toL,+28 eV. To extract the information about bound e NiMn L1o o Ti(NiCu) B19
states, the atomiclike cross sections were calculated within the same + TiNi B19'

« (TIHANi B19'
ranges.

Normalized total

Cross sections

Normalized reduced by an
total cross atomiclike

lonization edge Material sections Cross section
Ti L3, edge Ti atomiclike 2.330 e ~4—r—rrrrrrri
B19 TiNi 5.294 2.964 2 0 2 4 6 8 10 gy14-2 0 2 4 6 8 10 gy 14
B19 Ti(.NiCu). 5.029 2.699 ©) » TiNi B2
B19' (TiHf)Ni 4.994 2.664 :
Mn L3, edge Mn atomiclike 2.612 8 ‘:% + TiNi B19’
L1y NiMn 5.269 2.657 i AiA
Ni L3, edge Ni atomiclike 2.787 : -
Ni fcc metal 3.834 1.047 . s
B2 NiAl 3.882 1.095 . 4
L1 NiMn 3.858 1.071 s ®
B19' TiNi 3.893 1.106 : °
B2 TiNi 3.922 1.135 n “
B19 Ti(NiCu)  3.889 1.102 \ Bttt |
B19" (TiHf)Ni 3.842 1.055 20 2 4 6 810 gy
Cul;,edge Cu atomiclike 2.744
Cu fcc metal 3.114 0.370 FIG. 2. Experimental measures of the fine ELNES of thelNi
B19 Ti(NiCu) 3.182 0.438 edge in different intermetallic compounds. The vertical line repre-

sents the edge threshold.

Furthermore, as demonstrated by IMu and Wilkins32 _ _ _ _ -
any spectrum can be factorized into the atomiclike and solidNiMn, 4% in B2 NiAl, and 6% inB19" TiNi. All these
state contributions. The former term is analogous to the scaffumbers are within or near the limit of experimental error,
tering from the core shell of a free atom to the free-electrorivhich is 1.5% in measuring the total cross section and comes
continuum. The second term is specific for each solid ando 5% after subtracting the atomiclike term. Similarly, the
proportional to the density of the band states. The atomiclik@mount ofd holes around a Ti atom varies only slightly in
term shows a smooth energy dependence while the solidlifferent Ti-containing compounds. As for Cu, when compar-
state one varies rapidly near the threshold, yielding the exing the spectra in Fig.(#) it looks as if the cross section of
perimentally observed ELNES details. Well above thethe fcc CuL edge changes significantly on the formation of
threshold, however, the solid-state contribution become819 Ti(NiCu) intermetallic compound as the latter shows a
negligible and overall scattering is defined by the atomiclikesharp white line while pure Cu has a smoother threshold.
term. Following the approach described by Leapreaal3®  However, quantitative analysis shows that the white line in
and Ahn and Re# we have calculatéd the atomiclike B19 Ti(NiCu) is formed by the fusion of a number of smaller
cross sections for each atom in the Hartree-Slater approxPeaks in the pure Cu spectrum into a single strong peak only
mation and added those to Fig. 1 using the same normaliz&lightly increasing the total cross section.
tion window as for the experimental curves. The part of the Aside from the total cross section integrated over the par-
experimental cross section area exceeding the calculatdigular energy window, the fine details of the ELNES can be
atomiclike ones can be considered as a measure of the nur@arefully examined in the NiL; edge, which shows an ap-
ber of holes in thed bands. A similar procedurélthough ~ propriated intensity level and large energy separation be-
less physically establishgavas used by Pearsat al® for ~ tween thel; andL, thresholds. It is noted that the ELNES
evaluating the amount af holes in pure metals. Table | lists in the range of 15 eV after the thresholds are similar for the
the total experimental cross sections integrated in the rande; and L, edges. The only difference is that the intensity
from L;—3 eV toL,+ 18 eV and those subtracted from the variations behind thé., edge are less resolved due to the
atomiclike term. The estimated amountdholes decreases lower intensity of thel, edge and the superposed tails from
along the line Ti-Mn—Ni—Cu and qualitatively agrees thelL; edge. Thus, the ELNES was analyzed in the narrow
with data by Pearsoet al. for the pure metafsNi and Cu. In  region betweert; andL, thresholds, where it is believed to
contrast, the number of holes around a Ni atom changes onlepresent the general features observed after both, Nind
slightly upon the formation of intermetallic compounds. L3 edges. Figure &) shows this region with the spectra
Comparing with pure fcc Ni, it increases only 2% lil,  Vvertically scaled as described above, allowing the compari-
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son of the white line intensity and shape. Those intensities NE
are similar for all examined compounds except for NiAl, EF ot § Bp Nid
which shows a splitting of the major white line into two i ;
peaks of reduced height, as has been reported previdUsly.
The white lines are narrow in Ni and NiMn and wider in
TiNi. The latter correlates well with XAS data reported by
Fuggleet al3%. Another noticeable feature of the ELNES is a
small but well-resolved secondary peak located around 8 eV
after the threshold in pure Ni and NiMn but which is shifted
to the right in TiNi and NiAl.

The spectra of the ternary TiNi-based compounds are ]
shown in Fig. Zb) in comparison with the binary TiNi one. 120246420024
The ELNES of T{NiCu) looks very similar to that of TiNi, (@) Eney V) EoEEy V)
probably due to the fact that the nearest-neighbor environ- N(E)
ment for the Ni atom is not changddssuming Cu atoms fot Nid Mnd

NiMn
replace Ni atoms, they appear on the second coordination gam 1

sphere around a Ni atomin the case of TiHf)Ni, however,

half of the Ti atoms in the first coordination sphere around Ni 1
Nid Mnd

are replaced by Hf, resulting in visible changes in the
ELNES. Indeed, the shape of the white line becomes sharper 4 NiMn tot
near the top and wider near the bottom while the secondary 1
peak shifts to the right compared with the reference binary ; \

B19' TiNi.

Figure Zc) compares the ELNES of two TiNi samples
with composition close to 50:50 and only differing in 0.5 TiNi
at.%. Due to the strong composition dependency of the g/B2
transformation temperature in the Ti-Ni system, one of the
samples shows thB19' structure while the other one con- 4
tains theB2 structure. However, no appreciable differences |
between the spectra 819" TiNi and B2 TiNi, neither in the i\Mﬂ tot Nid Tid

B19

width of the white line nor in the position of the secondary l

peak, are observed. In the case of NiMn, the clBf,cmodi- 8
AT
420 2 46 42024 4 -20 2 46

fication is only stable at temperatures higher than 1000 K, 1
which limits the experimental EELS data to the tetragonal
L1, NiMn modification. Thus, the effect of the structural

0
0

transformation on the ELNES in NiMn has been studied by ®) Energy (eV)

ab initio calculations only as described in Sec. Il B. NG;Z\)]' . ___NE®
16 oo mt Nild lI ;if‘;“

B. Calculations " fjlz..:,) (st
The calculated total andipartial DOS for the investigated 8 U

compounds as well as for reference pure Ni are shown in Fig. 4 M

3. The shapes of the DOS for Ni and NifNFig. 3(@)] are (= M Sy

very similar to those in the work of Bottcet al® and Muller o ONICH) e Nid

et al,” who used other programming codes for their calcula- i ¢ ol

tions. As expected, the total DOS is formed mainly dy g

states of the transition metals, with Nistates dominating at

the lower energies and Mmi) states dominating at the . W ER S

higher energies. It is worth noting that, in both TiNi and =120z i1642021

NiMn [Fig. 3(b)], the position of the minod Ni DOS peaks ) Prerey (V)

aboveEr coincide with the strongl Ti or d Mn peaks, re-
spectively. The same coincidence of tdeNi and d TM
peaks is observed in the terndiHf)Ni and Ti(NiCu) com- FIG. 3. Calculated density of states for pug Ni, NiAl, (b)

pounds[Fig. 3(c)]. As this feature could be affected by the TiNi, NiMn, and (TiHf)Ni, and (¢) Ti(NiCu). The total DOS are
choice of the MT sphere radii, the DOS for binary TiNi was given on the left while the partial Ni andd TM contributions are

recalculated for the various ratios of the Ni and Ti MT shown on the right. In some structures, Ni or Ti atoms can have two
spheres. The calculations demonstrate that the overall shaggghtly different environments denoted as Ni 1, Ni2 and Ti 1, Ti 2.
of the partial DOS remains virtually unchanged although theNotice the coinciding peaks id Ni andd TM states, indicated by
absolute values of each partial DOS depend strongly on theridging arrows in(b) and (c).
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TABLE Il. FLAPW valence charge in the muffin-tin spheres and in the interstitial redipnekpressed
in electron/atom. Results obtained by Mulkgral. (Ref. 7) using the MT sphere radii of 2.31, 2.38, and 2.30
a.u. for Ni, NiAI, and NiAl, respectively, are indicated with an asterisk. In the present calculations, a fixed
MT radius of 2.3 a.u. was used to allow for a comparison between different compoMndtafids for Mn,
Ti, or Al, depending on the compouhd

Material Nis Ni p Ni d Ni f M s M p Md M f |

Ni 0.448 0.423 8.226 0.048 0.854
Ni* 0.463 0.446 8.226 0.031 0.834
B2 NiMn 0.366 0.294 8.133 0.014 0.170 0.142 4.639 0.008 1.617
L1, NiMn 0.448 0.410 8.268 0.024 0.349 0.339 4.930 0.029 1.102
B2 TiN 0.518 0.394 8.243 0.012 0.224 0.237 1.773 0.021 1.289
B19' TiNi 0.525 0.436 8.233 0.016 0.223 0.235 1.792 0.023 1.259
B2 NiAl 0.434 0.440 8.405 0.012 0.616 0.763 0.173 0.031 1.063
B2 NiAl* 0.435 0.444 8.378 0.016 0.618 0.759 0.177 0.025 12074
L1, NizAl 0.478 0.470 8.385 0.025 0.683 0.773 0.204 0.035 0.808

L1, NizAl* 0.502 0.508 8.423 0.028 0.706 0.820 0.220 0.039 0.707

8Reference 45.

chosen MT radius. Thus, the observed coincidence of the Figure 4a) shows the calculated Ni; edge in Ni, NiAl,
d Ni andd TM peaks is not an artifact of the choice of the NiMn, and TiNi. The calculations reproduce well the ELNES
basis set but rather indicates the formation of common elegorofiles and positions of characteristic features found in the
tronic states between Ni and TM sites. This, in analogy withexperiment, as seen in Fig(a In particular, in both calcu-
sp-d hybridization, could be interpreted as a hybridizationlations and experiments, the white lines are the widest in
betweend Ni andd Ti(Mn) states. TiNi and the narrowest in pure Ni. As was mentioned above,
To estimate the charge transfer on the formation of interNiAl shows a splitting of the white line and the calculated
metallic compounds, the partial valence charges at the MPPIitting value (2.1 eV) is close to the observed value of

spheres were also calculatéste Table Il. For a comparison 23~ 0.1 €V. Also in agreement with experiment is the
with earlier results by Mulleet al,” the ordered_1, Ni;Al  °hanging position of the secondary peak, which in pure Ni

. . : occurs around 8 eV and is shifted to the higher energy in
compound is also included. As the total charge in the COMTiNi. The calculation, however, slightly overestimates this

ponent spheres is sensitive to the spher_e size,_the same rad-&fﬁft as the secondary peak for TiNi results in 10.5 eV in-
of the MT spheres2.3 a.u) vyas.used |n.aII mvespgated stead of the experimentally observed value of 9.5 eV. The
compounds. In the case of Ni, Mil, and NiAl, despite the \yeak shoulder detected experimentally in NiAl at 10 eV is
different calculation methods and different radii of the MT 554 reproduced in the calculations. In the case of NiMn, the
spheres used, both our results and those of Meftel. in-  cajculation reproduces the experimental position of the sec-
d|Cate tha.t the Charge red|str|but|0n n N|A| Compared W|th Ondary peak a|th0ugh |tS Shape is S||ght|y diﬁerent from the
pure Ni is smaller than 0.2 electrons/atom. As seen fromexperimental one. The additional small peaks at around 12
Table Il, the formation of NiMn and TiNi compounds causeseV in the calculation of pure Ni are not observed experimen-
an even smaller change of the numberdaglectrons in the tally. This feature probably arises from the linearization of
Ni MT sphere. the Hamiltonian matrix in the FLAPW method, which is
strictly valid in the center of the valence band but, in prin-
ciple, can fail for the unoccupied states far above the Fermi

o —Nif —TiNi B19' : ,
@) & - Nl BB ®) 4 TiNiB19 level. Rezet al® estimated that the departure from the linear
°‘§i o NiMn L1o > Ti(NiCu) B19 interpolation would appear between 10 and 20 eV above the
+ TiNi B1Y' « (TiHONI B19' Fermi level, which means that linear methods will do well

only just above the threshold, and these additional peaks
could thus be considered as an artifact of the approximations
in the theory.

The calculated NiL; edges for the ternary TiNi-based
intermetallic compoundid=ig. 4(b)] also demonstrate reason-
able agreement with experimdisee Fig. 2b)]. The ELNES

ey profiles of T(NiCu) and TiNi remain close to one another
while the white line in (TiHf)Ni shows a sharpened maxi-

2 0 % 4 B & 10 elv W20 2 46 8 1y mum at the top and a widening near the bottom. As in the

experiment, the secondary peak (iHf)Ni is slightly

FIG. 4. Calculated NL; EELS edges for different intermetallic shifted to the right from that in TiNi, although the calculated
compounds. As a reference, the ELNES@fpure Ni or(b) binary ~ shape of this peak is more asymmetric than experimentally
TiNi are also displayed. observed.
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FIG. 5. Changes in the calculated Nj EELS edges duringa) Energy (V) 0z ‘ﬁ;nergg, (ev)s 10

the B2—B19' transformation in TiNi andb) B2—L1, transfor-

mation in NiMn. FIG. 6. Unnoccupied density of states in different intermetallic

compounds. Notice the correlation betwekNi andd TM states.
To address the problem of the ELNES dependence on the

crystal structure, we have calculated the INj edges for times of the initial and final excited states anyway limit the
different structural modifications of NiMn and TiNi. Al- possibility of resolving fine-scale variations in the DOS near
though there is some difference in the DOS betwB2mTiNi the Fermi level.
and B19' TiNi [see Fig. 8)] the corresponding ELNES Even when severe differences are noted in the DOS be-
shapes are almost identical due to a loss of resolyfamn tween different structures, a clear distinction in the ELNES is
5(@]. In the case of NiMriFig. 5b)], B2 andL1, show the not automatically guaranteed. One example is the case of the
same height and width of the white lines but different shape®2— L1, transformation in NiMn. The coordination of Ni
for the secondary peaks. Nevertheless, the average positi@md Mn atoms and interatomic distances change more dras-
of the secondary peaks stays approximately the same in botltally than in TiNi, and, additionally, there is an antiferro-
structural modifications of NiMn. magnetic ordering of the moments on Mn atoms in g
NiMn structure. As a result, thB2—L 1, transformation in
NiMn is accompanied by some significant DOS changes as
V. DISCUSSION seen in Fig. &). The value ofN(Eg) decreases by a factor
The changes in EELS spectra observed as a result ¢ff 20 [N(Eg) =77.67 electrons/cell/eV iB2 and N(Eg)
the formation of intermetallic compounds are commonly =3.60 electrons/cell/eV ih1,] while the peak located &
explained by changing chemical environments around thén the B2 case shifts to a higher energylid,. However, the
probed atoms while the effect of the crystal structure is ig-changes of the shape of this peak ab&yeresult in a virtu-
nored. The validity of such an approach has never been exlly unchanged integrated DOS in a window of 1 eV above
amined thoroughly because it is difficult to separate theEg. Thus, the changes in the corresponding calculated EELS
structural and compositional effects on EELS, as most of thelata are not so pronouncéBig. 5b)]. This is seen clearly
structural transformations in solids are accompanied byvhen comparing the calculated partial Ni DQEg. 3(b)]
changes of chemical content. Howev@g compounds such with Ni L3 ELNES[Fig. 5b)] for B2 andL1, NiMn. Simi-
as TiNi and NiMn undergo martensitic, i.e., diffusionlesslar results were reported for tH&2—2H transformation in
transformations without changing the chemical compositionCu;Al,-Ni3,*® i.e., no significant changes were observed in
and therefore can be used as model systems for the study tife ELNES, nor in experiments nor in calculations. It is thus
the effect of the crystal structure on EELS. In agreementoncluded that an energy resolution of EELS around 1 eV is
with earlier work by Murakamet al,®® we have not found not sufficient to distinguish between structural modifications
any difference in the experimental ELNES of Ni and Ti at- of intermetallic compounds.
oms between th82 andB19" structures of TiNi. Calcula- In contrast, the effect of changing the chemical environ-
tions[Fig. 5(a)] indeed predict only a slight change in the Ni ments in most of cases can clearly be detected by EELS. As
L5 profile upon theB2—B19' transformation, a change too has been previously reported, the formation of the TM alu-
small to be detected with the present experimental setupninides results in the splitting of the white lines in the TM
These slight ELNES changes can be explained by a mindr;, edges due to hybridization between thesfand TMd
difference in interatomic distances betweenB2andB19 bands. In the present work, it was found that the formation of
modifications of TiNi}"?’leading to only a slight change in compounds between Ni and other TM’s can cause a change
the actual shape of the DOS aboke without shifting the in the width and shape of the white line as well as shifts of
peaks, as seen from Fig(k8. In principle, an improvement some of the fine ELNES features in the Nj, edge. The
of the energy resolution can normally be achieved at thenalysis ofd partial DOS shows that these effects appear due
expense of a sharply reduced beam intensity, but this leads to the hybridization betweed Ni andd TM states. To illus-
poor statistics in the collection of ELNES. Moreover, thetrate this point, the calculated unoccupiedNi DOS states
intrinsic broadening mechanisms arising from the finite life-are plotted in Fig. 6 in comparison with the corresponding
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TM d DOS. In all intermetallic compounds, the positions of in NiAl when compared with pure Ni could be four{dee
the local peaks of the Ni states coincide with the peaks of th@able |), which confirms Muller’s conclusions. Any possible
d TM states over a large energy scale fr@p to Ex +10  charge transfer will thus be very small, and this is also sup-
eV. As was confirmed by varying the MT radii, such a featureported by the results of calculations in Table II. The experi-
is not an artifact of the calculations but implies a strongmentally measured changes in the filling of thed\band on
hybridization leading to common states between Ni and TMhe formation of compounds with other TM&iMn, TiNi,
sites. We point out that all the observed ELNES changes cafViHf)Ni, and TiNiCu)] were found to be negligible as well.
be fully explained in terms ofl Ni—d TM hybridization. In  In the case of the Cd band, the absence of the white line in
NiMn’ the emptyd Mn states are peaked just n@, thus pure Cu and. |tS appearance n CU'Conta|n|ng Compounds are
d Ni—d Mn hybridization does not result in the widening of oftenllggplalned by the charge transfer from the Gu
the NiLs white line. In the case of TiNi, the empty Ti band.™ Ir_1 the present work, the C_Zu _vvhlte line was also
states are spread far abdge, and Ni-Ti hybridization gives ©bserved in TiNiCu), but the quantitative analysis shows
a noticeable widening of the Niz white line. In (TiH)Ni, that in this case we deal with a sharp white I.|n(_—:‘, vv_h|ch is
hybridization with the Hf band located at even higher energyformed by fusing a number of small peaks existing in pure
than the Ti band gives an additional widening at the bottonfcU [see Fig. 1d)], so again hardly any charge transfer will
of the Ni L5 white line. be present. We can roughly estlmate the maximum value for
Thus, in the investigated compounds, the chemical effed@ossible charge transfer assuming that the valentéshd
is clearly superior over the structural one. It is unclear at thidn Pure Ni consists of 8.8 e!ectron/até‘hand therefore 1.2
point if this conclusion could be extended to the EELS study0lé/atom. From the values in the last column of Table |, this
of defects, which might be considered as local changes of &fude estimation yields a charge transfer from thel¥and
crystal structure. In this case, the local changes of the bon@f about 0.1 electron/atom, which is even less than that esti-
lengths and coordination numbers can be more significarfated by Mulleret al.” (0.2 electron/atom Thus, the con-
than those occurring during structural transformations, pos¢ept of local charge neutrality is shown to be reasonable for
sibly causing some noticeable changes in the ELNES. Any& Wide range of intermetallic compounds. _
way, based on the present results, it is expected that the ac- AS there is no significant charge transfer on the formation
curacy of EELS should be sufficient to detect the |0ca|pf|ntermetall|c compounds., it is even less probable_ to expect
changes of the chemical environment of the selected atorﬂ&_on structural tranlsformauons in these aIons: Tr;gs conclu-
due to nanoscale inhomogeneities or impurity segregation ofion does not confirm the results of Murakaetial,™ who
defects. reported a slight, but measurable charge transfer from a Ni
Another problem frequently addressed in the literature i2tom to a Ti atom in thé&2—B19’ transformation in TiNi.
the charge transfer among atoms upon the formation of conil Our own experiments, this result could not be reproduced,
pounds. Based oab initio calculations, many authors have although the EELS data were obtained in the diffraction
reported a charge transfer usually directed from the elemerffode, which is a more quan;latatlve method_ than the image
on the right-hand side of the periodic table to the element ofnode used by Murakangt al™ Our calculations do show
the left-hand sidé%-%2 However, it should be noted, as that a slight charge transfer may be expected from a Ni MT
Muller et al” cautioned against, thatb initio calculations ~SPhere, but the estimated value is so small that it can hardly
cannot be used for arguments for the absence or presence® detected experimentally with the setups used in the
the charge transfer. As only charges within MT spheredresent as well as earlier experiments.
around atoms are accounted for, the resulting numesen
the direction of the transfiedepend crucially on the choice
of the wave basis set and the size of the MT spheres. Thus,
information about the charge transfer obtained from calcula- (1) The EELS simulations for the present intermetallic
tions should be only considered with reference to the MTsystems, based on the FLAPW DOS calculations, correspond
radii used. In contrast, EELS provides a measurable quantitwell with the experimental data, including the fine ELNES
of the empty local DOS near the given atomic sites and is notletails.
affected by the conventions of computation. In this case, the (2) The formation of intermetallic compounds between Ni
probed area is defined by the overlap between the core arahd other transition metals causes measurable changes in the
valence electronic waves and is constant for a given atonELNES of the NiL 3 , ionization edge. The observed changes
The first accurate measurements of theLNiross sections in  can be successfully explained in terms of hybridization be-
the Ni-Al system showed no significant difference in thetween the Nid and the transition metal bands.
number ofd holes around a Ni atom among pure NigAl, (3) The structural transformations in the investigated Ni-
and NiAl” Based on this fact, Mulléf assumed that the total containing intermetallics do not cause significant changes in
charge around each atom did not change upon formation ahe EELS spectra of the different elements. In all cases, the
compounds. This assumption, called “local charge neutraleffect of the crystal structure on the EELS spectra is much
ity,” is very important for the interpretation of EELS and smaller than the effect of chemical composition.
allows the explicit connection between unoccupied DOS (4) The charge transfer on the formation of intermetallic
measured by EELS and occupied DOS, which are involvedompounds does not exceed 0.1 electron/atom. Thus, the
in the bonding. In the present work, taking into account theconcept of local charge neutrality is reasonable, which sim-
experimental precision, no change in the numbed bbles  plifies the interpretation of EELS spectra in metallic systems.

V. CONCLUSIONS
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