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Valence-electron configuration of Fe, Cr, and Ni in binary and ternary alloys
from Kf-to-K« x-ray intensity ratios
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KpB-to-Ka x-ray intensity ratios of Fe, Cr, and Ni have been measured in pure metals and in
alloys of Fe Ni;_, (x=0.8, 0.7, 0.6, 0.5, 0.4, 0.3, and 0.2), Ni,Cr_, (x=0.8, 0.6, 0.5, 0.4, and 0.2), Fe,Cr;_,
(x=0.9, 0.7, and 0.5), and Fe,Cr,Ni;_(,;,) (x=0.7-y=0.1, x=0.5-y=0.2, x=0.4-y=0.3, x=0.3-y=0.3,
x=0.2-y=0.2, and x=0.1-y=0.2) following excitation by 22.69 keV x rays from a 10 mCi '®Cd radioactive
point source. The valence-electron configurations of these metals were determined by corporation of measured
KpB-to-Ka x-ray intensity ratios with the results of multiconfiguration Dirac-Fock calculation for various
valence-electron configurations. Valence-electron configurations of 3d transition metals in alloys indicate sig-
nificant differences with respect to the pure metals. Our analysis indicates that these differences arise from
delocalization and/or charge transfer phenomena in alloys. Namely, the observed change of the valence-
electron configurations of metals in alloys can be explained with the transfer of 3d electrons from one element
to the other element and/or the rearrangement of electrons between 3d and 4s,4p states of individual metal

atoms.
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I. INTRODUCTION

The variety of physical properties of the 3d transition
metals and the large number of applications of these metals
and their compounds and alloys cause the need for under-
standing the valence-electron configurations of 3d transition
metals in various systems. This stimulates the development
of experimental and theoretical methods to investigate the
influence of chemical and/or solid state effects on valence-
electron structure of 3d transition metals. The KB-to-Ka
x-ray intensity ratios of 3d transition metals depend on the
chemical environment of these metals in their alloys [1-7]
and compounds [8-20]. This dependence can be explained as
the result of the changes of the 3d electron population of the
transition metal because of chemical and/or solid state ef-
fects, which modify 3p orbitals more than 2p orbitals result-
ing in a change in the KB3-to-Ka X-ray intensity ratio of the
metal. Thus the KB-to-Ka x-ray intensity ratio becomes a
sensitive tool to study the valence-electron configurations of
the 3d-transition metals in various systems.

Comparison of the experimental K3-to-K« X-ray intensity
ratio values with the theoretical values obtained from the
multiconfiguration Dirac-Fock (MCDF) calculations for vari-
ous valence-electron configurations is a convenient method
to determine the valence-electron configurations of the
3d-transition metals in alloys and compounds. This method
was worked out and tested for the valence-electron configu-
ration of various 3d-transition metals in some earlier works
[21-23]. The MCDF method that has been mainly developed
by Grant and co-workers is described in detail [24-31].

The present experimental study is on valence-electron
configuration of Fe, Cr, and Ni in binary and ternary alloys

PACS number(s): 32.30.Rj, 32.70.Fw

from KS-to-Ka x-ray intensity ratios and has two-sided as-
pect. The main goal of this study is related to the estimation
(by the comparison of the experimental KB3-to-Ka x-ray in-
tensity ratio values with the theoretical ones obtained by
MCDF calculations) of the numbers of 3d and 4s,4p elec-
trons for metals in an alloy. In this way obtained valence-
electron structure of a given metal in an alloy is found to be
different from that of pure metal. This difference was ex-
plained with the charge transfer and electron rearrangement
processes. Results of this part show that KB-to-Ka x-ray
intensity ratios are a useful and sensitive physical quantity to
determine the valence-electron configurations of the 3d tran-
sition metals.

The second aim of this study is to estimate the average
number of 3d and 4s,4p electrons for alloy. Obtained aver-
age valence-electron configuration of an alloy differs from
superposition of the configuration of pure metals constituting
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TABLE L. KB-to-Ka x-ray intensity ratios of Fe, Cr, and Ni in pure metals and different alloys (Ngz/Ng,: before correction, Ixg/Ix,:
after correction, and Rgg/R,: normalized K3-to-Ka x-ray intensity ratios with respect to the pure metals).

Fe Cr Ni
Sample N/ Ngo Ixp! Ixa Rip/Rgo Nkp/Ngq Ixp! Ixa Rip/Rgo Nkg/ Ngq Ixp/ Ixa Rip/Rgq
Pure Fe 0.1488 0.1320 1.0000
Pure Cr 0.1442 0.1273 1.0000
Pure Ni 0.1488 0.1333 1.0000
Fe( gNi » 0.1607 0.1284 0.9778 0.1778 0.1369 1.0361
Fe(7Ni 3 0.1615 0.1290 0.9826 0.1763 0.1365 1.0326
Fe( ¢Nig 4 0.1632 0.1303 0.9927 0.1742 0.1350 1.0215
Feq sNij 5 0.1645 0.1313 0.9997 0.1743 0.1353 1.0239
Fe 4Nig ¢ 0.1669 0.1332 1.0147 0.1722 0.1347 1.0194
Feg 3Ni 7 0.1677 0.1338 1.0190 0.1695 0.1339 1.0128
Feg,Nij g 0.1691 0.1350 1.0283 0.1643 0.1311 0.9916
Fe(oCry 4 0.1597 0.1309 0.9922 0.1724 0.1327 1.0427
Feq7Crg 3 0.1602 0.1317 0.9988 0.1722 0.1294 1.0168
Fey5Cr 5 0.1644 0.1326 1.0050 0.1651 0.1265 0.9940
Crg,Nig g 0.1667 0.1291 0.9847 0.1678 0.1300 0.9848
Crg 4Nig 6 0.1678 0.1301 0.9924 0.1786 0.1332 1.0076
CrysNig 5 0.1712 0.1323 1.0076 0.1839 0.1353 1.0227
Cro¢Nig 4 0.1735 0.1344 1.0229 0.1889 0.1371 1.0379
CrpgNig» 0.1786 0.1383 1.0534 0.2006 0.1444 1.0909
Fe( 7Cry Nig, 0.1503 0.1309 0.9915 0.1488 0.1317 1.0348 0.1647 0.1364 1.0231
Fe( 5Cr(,Nig 3 0.1530 0.1317 0.9976 0.1454 0.1284 1.0089 0.1632 0.1345 1.0088
Fe( 4Cr(3Nig 3 0.1540 0.1316 0.9972 0.1429 0.1265 0.9940 0.1632 0.1328 0.9962
Fe3Cry3Nig 4 0.1546 0.1325 1.0041 0.1444 0.1271 0.9983 0.1632 0.1332 0.9993
Fe,Cr(,Nig g 0.1556 0.1344 1.0182 0.1452 0.1278 1.0039 0.1606 0.1330 0.9978
Fe 1Cr(,Nig ; 0.1597 0.1376 1.0428 0.1467 0.1290 1.0134 0.1594 0.1321 0.9910

this alloy. This originates from the changes of valence-
electron configuration of individual metals in alloys.

II. EXPERIMENTAL DETAILS, DATA ANALYSIS,
AND CORRECTIONS

The measurements were carried out using high purity al-
loys (in powder form). The powder material is pelletized into
the size of 13 mm diameter. The samples were irradiated
using 22.69 keV x rays from a 10 mCi '®Cd radioactive
point source. For each sample, emitted x rays were detected
by a Si(Li) detector (full width at half maximum=160 eV
for a 5.9 keV x-ray peak, active area of 12 mm?, thickness
of 3 mm, and Be window thickness of 0.025 mm) coupled
with a multichannel analyzer system and spectroscopy am-
plifier. The detector was also placed in a step-down shield
made from Pb, Fe, and Al to minimize the detection of any
radiation coming directly from the source and scattered from
the surroundings.

A typical K x-ray spectrum of Fe,;Cr(3Niy, alloy is
shown in Fig. 1. All the x-ray spectra were carefully ana-
lyzed by means of the Microcal Origin 7.5 Demo Version
software program using a multi-Gaussian least-squares fit
method in order to determine the net peak. The KfB-to-Ka
intensity ratios were determined from peak areas fitted to
Gaussian function after applying necessary corrections to the
data. For measured ratios corrections are needed because of
the difference in the Ka and KB self-attenuations in the
sample, difference in the efficiency of the Si(Li) detector and
air absorption on the path between the sample and the Si(Li)
detector window. Details regarding the data analysis, correc-
tion, and calculation procedures for K3-to-K« x-ray intensity
ratios have been reported in our previous papers [32,33].

To estimate the self-attenuation correction in the sample
and the absorption correction in the air path, we used the
mass attenuation coefficients obtained by means of a com-
puter program named WINXCOM [34,35]. This program uses
mixture rule to calculate the partial and total mass attenua-
tion coefficients for all elements, compounds, and mixtures
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FIG. 2. Comparison of the experimental KS3-to-Ka x-ray intensity ratios for Fe and Ni in Fe,\Ni,_, alloys with the results of MCDF

calculations for different valence-electron configuration of Fe and Ni.

at standard as well as selected energies. The mass attenuation
coefficients (u/p)c for any chemical compound or mixture
are estimated using the elemental values in the following
Bragg-rule formula [36]:

(u/p)c = 2 wil/p)is
1
where w; is the proportion by weight of the ith constituent
and (u/p); is the mass attenuation coefficient for the ith con-
stituent in the compound.
The efficiency of the detector may be estimated theoreti-
cally using the following expression [2]:

g (E,) = e~ MBeBet A autisiAsi) (1 — o Msitsi) |

where up., tay, and g are absorption coefficients of the Be
window of the Si(Li) detector, the Au layer on the Si(Li)
crystal, and the Si(Li) crystal for detected x rays of energy
E,, respectively. xp., X5, and xg; are the thicknesses of the
Be window, the Au layer, and the Si(Li) crystal, respectively.
The Axg; is thickness of insensitive region of the Si(Li) crys-
tal.

III. RESULTS AND DISCUSSION

Uncorrected, corrected, and normalized results of mea-
sured KB-to-Ka x-ray intensity ratios of Fe, Cr, and Ni in
pure metals and their different alloy compositions (for
Fe Ni;_,, x=0.8, 0.7, 0.6, 0.5, 0.4, 0.3, and 0.2, for Ni,Cr,_,,
x=0.8, 0.6, 0.5, 0.4, and 0.2, for Fe,Cr,_,, x=0.9, 0.7, and
0.5, and for FexCryNil_(xﬂ), x=0.7-y=0.1, x=0.5-y=0.2,
x=0.4-y=0.3, x=0.3-y=0.3, x=0.2-y=0.2, and
x=0.1-y=0.2) have been tabulated in Table I. KB-to-Ka
x-ray intensity ratios of the elements in alloys are normalized
with respect to the values in the case of pure metal. As seen
in Table I, the KB-to-K« x-ray intensity ratio values for 3d
metals in alloys are significantly different from those of pure
metal. The obtained K[3-to-K« x-ray intensity ratios for pure
Fe, Cr, and Ni metals (Table I) are compatible with the re-
sults of Raj et al. [7], Bhuinya and Padhi [1], Perujo et al.

[37], and Powlowski et al. [5]. Moreover, our present
KpB-to-Ka x-ray intensity ratio results for Fe and Ni in
Fey sNig s, Feq,Nigg and for Cr and Ni in Crj,Nigg alloys
are in good agreement with results of Raj er al. [7] and
Bhuinya and Padhi [1], respectively. Figure 2 is drawn for
graphical presentation of values in Table I and shows com-
parison of the experimental K3-to-K«a X-ray intensity ratios
for Fe and Ni in Fe,Ni,_, alloys with the results of MCDF
calculations for different valence-electron configurations of
Fe and Ni.

3d electron configurations of Fe, Cr, and Ni for various
alloys were determined by comparing the experimental val-
ues of the KB-to-K« x-ray intensity ratios with the results of
MCDF calculations and the results were given in Table II.
Such a comparison provides information about valence-
electron configuration of 3 transition metals in alloys and so
there is a rearrangement of electrons between 3d and 4s,4p
states of individual metal and/or 3d electron transfer between
the metal atoms in alloy. Obtained 3d electron populations
for pure Fe, Cr, and Ni metals were in agreement with the
results of Raj et al. [7] (6.93 for Fe and 8.97 for Ni) and
Powtowski et al. [5] (4.46 for Cr). Changes of 3d electron
configurations of Fe, Cr, or Ni in the alloys with respect to
pure metals were presented in Table II. Also, number of 3d
electrons of Fe and Ni and changes of 3d electrons of Fe and
Ni with respect to pure metal were plotted as a function of
their own concentrations for Fe Ni,_, alloys in Figs. 3 and 4,
respectively. Changes for some alloys can be easily ex-
plained by the rearrangement of electrons between 3d and
4s,4p band states of individual metal atoms. However if 3d
electron population changes of Fe, Cr, or Ni in the other
alloys (with respect to pure metals) are compared to the cor-
responding changes for other metal or metals, it indicates
that these changes can be explained by assuming the transfer
of 3d electrons from atoms of one element to atoms of the
other element or elements of alloy.

The approximate numbers of 4s,4p electrons for pure Fe,
Cr, and Ni have been obtained by subtracting number of 3d
electrons from the total number of valence electrons of the
individual atom (eight for Fe, six for Cr, and ten for Ni) and
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TABLE II. Evaluated 3d electron population values (13,), total number of 4s,4p electrons (14, 4,), and observed change in the number
of 3d electrons (C;,) with respect to the pure metals for Fe, Cr, and Ni in various alloys.

Fe Cr Ni
Sample n3q N4 4p Csq n3q N4 4p Csq n3q N4g.4p Csq
Pure Fe 7.1491 0.8509
Pure Cr
Pure Ni 5.7903 0.2097 9.5218 0.4782
Fey ¢Nig 8.6403  —0.6403 1.4912 78594 21406  —1.6624
Fe, -Nig 3 82290  —0.2290 1.0799 79715 2.0285  -1.5503
Fey ¢Nig.4 7.5605 0.4395 0.4114 84202 15798  -1.1016
Feo sNip 5 7.1491 0.8509 0.0000 83265 16735  -1.1953
Feo.4Nip g 6.4961 15039  -0.6530 85162 14838  —1.0056
Fe, 5Nig 7 6.3135 1.6865  —0.8356 87500 12500  -0.7718
FeyNipg 5.9727 20273 -1.1764 10.000 0.0000 0.4782
FeyoCro | 7.3470 0.6530 04542  4.1447 1.8553  —1.6456
Fey,Cros 7.0000 1.0000 0.1072  5.0517 09483  —0.7386
Fe sCro s 6.6886 13114  -02042  6.1353  —0.1353 0.3450
Cro ,Nig g 5.1581 0.8419  —0.6322 9.9444  0.0556 0.4226
Cro 4Nig 4.8500 1.1500  —0.9403 8.8209  1.1791  —0.7009
Cry5Nig 5 43111 1.6889 -1.4792 8.3273 1.6727 —1.1945
Cr ¢Nig 4 3.8422 2.1578 —1.9481 7.8814 2.1186 —1.6404
CrgNij 3.0368 2.9632 -2.7535 6.8831 3.1169 -2.6338
Fe(7CroNig 7.3063 0.6937 04135 43976 16024  —1.3927 79715 20285  —1.0680
Fey 5CrooNig 3 7.0000 1.0000 0.1072  5.3805 0.6195  —0.4098 8.5815 14185  —0.4580
Fey 4Cro.3Nig 3 7.0366 0.9634 0.1438 61353  -0.1353 0.3450 92087  0.7913 0.1692
Fe 1Cro.3Nip 4 6.7218 12782  -0.1710  5.8721 0.1279 0.0818 9.0795  0.9205 0.0400
Fey 2CrooNip g 6.1394 1.8606 07534  5.5965 04035  —0.1938 9.1615  0.8385 0.1220
Fey 1 CrooNig 7 53177 26823  -15751  5.1791 0.8209  —0.6112 9.5664  0.4336 0.5269
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FIG. 3. The number of 3d electrons for Fe and Ni as functions of their own concentrations in Fe,Ni;_, alloys.
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FIG. 4. The changes of the number of 3d electrons for Fe and Ni (with respect to pure metals) as functions of their own concentrations

in Fe Ni;_, alloys.

are given in Table II. If Tables I and II are examined to-
gether, it is seen that there is a decrease in the measured
KB-to-Ka x-ray intensity ratios with increasing 3d electron
population of the metal in alloys. The change of the number
of 3d electrons modifies 3p orbitals much stronger than 2p
orbitals, so main modifications are seen in Kf transitions and
almost there is no modification in K« transitions. This causes
changing in the Kf-to-K« x-ray intensity ratio.

It can be seen from Table II that for some alloys in the
same group, delocalization and charge transfer phenomena
are opposite directions and larger than the others, so valence-
electron configurations for these alloys are different. The dif-
ferences in valence-electron configuration of these alloys can
cause different and special physical properties (such as high
permeability, small magnetostriction, low coercivity, and
other magnetic properties) from the other alloys. For ex-
ample, Fe(,Nig g is a special alloy with very good magnetic
properties and has large application scale [38]. For Fe,Nij g
alloy the obtained average number of 3d electrons is more
than the number calculated with superposition method and
the 4s,4p orbitals are also almost empty (Table IIT). Already
KB-to-Ka x-ray intensity ratios of this alloy are different
from the alloys of same group.

After all we calculated numbers of 3d and 4s,4p electrons
for each alloy with weighted average and superposition. Su-
perposition values of each alloys are calculated with using
numbers of 3d and 4s,4p electrons of relevant pure metals.
The results are shown in Table III. It can be seen from the
table that for all studied alloys these superposition numbers
are different from the weighted average numbers of 3d and
4s,4p electrons.

IV. CONCLUSION

In this paper, it is shown that the K3-to-K« x-ray intensity
ratios can be used as a sensitive tool to determine the
valence-electron configurations of 3d-transition metals in al-
loys. The valence-electron configurations of 3d-transition

metals in the alloys may be evaluated by comparing the mea-
sured KB-to-Ka x-ray intensity ratios to the results of mul-
ticonfiguration Dirac-Fock calculations. The obtained
valence-electron populations of 3d transition metals for vari-

TABLE III. Comparison of estimated weighted average number
of 3d and 4s,4p electrons (A, and Ay, 4,) for various alloys with
the superposition values of 3d and 4s,4p electrons (S3; and 84&4[,)
obtained from the pure metal values.

Sample Asq Szq Assap Sasap
Feq sNig» 84841  7.6236 00841  0.7764
Feq 7Nig 5 81518  7.8609 04483  0.7391
Feo Nio.s 79044 80982 08956  0.7018
Feq sNig s 77378 83355 12622 0.6646
Feg 4Nig ¢ 77082 85727 14918 0.6273
Feg Nig 7 80191 88100 13810  0.5900
Feg ,Nio s 9.1945  9.0472 04055 05527
Feg oCro 70268 67826 07014 1.0175
Feo7Cro s 64155 56660 09845  0.8380
FesCros 64120 63416 05881  0.6585
NigsCros 80871 84225 02129  0.7781
Nig,sCro 72325 74593 1.1675  0.9419
NisCro s 63192 69778 16808  1.0238
Nig4Crp ¢ 5.4579 6.4962 2.1421 1.1056
Nig»Cros 38061 55330 29939  1.2694
Fey,CroNig 71485 72119 10515 09881
Fey 5CroaNig 3 71506 73163  1.0495  0.8837
Feg ,Cro 3Nig3 74178 72061 05822  0.7939
Feg 2Cro 3Nig.4 74100 74207 07900  0.7793
Feg »Cro2Nigg 78441 79603 09559  0.8397
Feg Cry,Nig, 82641 81750 07359  0.8250
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ous alloy compositions are different. The observed signifi-
cant changes in the 3d electron population of 3d transition
metals in various alloy with respect to the pure metal arise
from delocalization and/or charge transfer. In other words, to
reliably explain evaluated changes of the 3d electron popu-
lation for 3d transition metals in their alloys, it is necessary

PHYSICAL REVIEW A 80, 052503 (2009)

to take into account the rearrangement of electrons between
3d and 4s,4p states of metal atoms and the transfer of 3d
electrons between elements. The results of this study will
help us to understand how Kf3-to-Ka x-ray intensity ratios
depend on the valence-electron configurations of 3d transi-
tion metals for different alloy compositions.
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