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Electronic structure of the o phase of paramagnetic Fe-V alloys
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The electronic structure of complex o-phase Fe,yy_,V, compounds with 33.3=x=60.0 was calculated with
the charge self-consistent Korringa-Kohn-Rostoker method. The chemical disorder effects appearing in real
samples were accounted for by considering the most representative ordered approximants. Bearing in mind
neutron-diffraction data on atom occupancy over nonequivalent lattice sites, hyperfine parameters were finally
obtained by averaging the first-principles results using the deduced probability distribution. In particular,
charge densities p4(0) and electric field gradients (EFG) were determined at Fe nuclei that occupy five
nonequivalent lattice sites in this structure. Furthermore, using the computed p4(0) and EFG, isomer shifts, and

quadrupole splittings values were found for each site in the o-phase Fe-V and compared with the previously
studied o-phase Fe-Cr alloy. The calculated aforementioned quantities combined with experimentally deter-
mined site occupancies were applied to analyze STFe Mossbauer spectra recorded on a series of several samples
in a paramagnetic state and a very good agreement between the theoretical and experimental results was found.
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I. INTRODUCTION

Studies of complex intermetallic phases, where several
nonequivalent crystallographic sites exist, are of a great in-
terest both for theoretical and practical reasons.'* The
former for its own right as it offers a good opportunity for
studying with advanced methods phenomena that cannot oc-
cur in simple alloy systems. The latter is related to techno-
logical applications of materials, e.g., stainless steels in
which complex phases (o, y, Laves, etc.) may precipitate
and deteriorate thereby their useful properties. Especially
challenging in this context are disordered alloy systems with
the complex structure such as o phases. The latter, whose
archetypal example is that in the Fe-Cr system,> belongs to
an important class of tetragonal close-packed crystallo-
graphic structures,® viz., Frank-Kasper phases.” They are
characterized by a high coordination number (CN), varying
from CN=12 to 15 in the o phase (Table I). The unit cell
(space group P4,/mnm) contains 30 atoms distributed in a
nonstoichiometric way over five crystallographic sites, com-
monly labeled A, B, C, D, and E. The importance of this
class of phases is further reinforced by the fact that they
exhibit topological properties similar to simple metallic
glasses due to an icosahedral local arrangement.® Conse-
quently, they can also be regarded as very good approxi-
mants for dodecagonal quasicrystals.® Indeed, close similar-
ity between vibrational properties of a one-component o
phase on one hand and a one-component glass with the
icosahedron local arrangement on the other, was reported.’

The complex structure and a lack of stoichiometry also
cause the interpretation of experimental results obtained for
o-phase samples to be a difficult task. Here, a o-phase mag-
netism which can be found in some alloy systems such as
Fe-Cr and Fe-V is of a particular interest.>! In order to
understand it well, one should know sublattice magnetic
properties. An access to the latter is experimentally possible
with microscopic techniques such as Mossbauer spectros-
copy (MS) or nuclear magnetic resonance (NMR). The
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former has been used to study the issue but a distinction
between electronic properties of nonequivalent sites was not
obtained due to a low resolution in the measured spectra.”'0
On the other hand we have recently succeeded to measure
the sublattice magnetism in the o-FeV sample using NMR
technique, giving evidence that vanadium atoms present on
all five sites are magnetic.!! Backed by dedicated electronic-
structure calculations, relevant information on Fe charge
densities and electric field gradients (EFG) on all nonequiva-
lent sites has been recently provided for the o-Fe-Cr com-
pounds in a paramagnetic state.!?

In this work we report results obtained with similar
electronic-structure calculations for the o-phase Fe;yy_,V, al-
loys, also in the paramagnetic state. This series of com-
pounds is especially well suited for verifying the electronic-
structure computations since a composition range of the
Fe-V o-phase existence is several times wider than that in
the Fe-Cr system. The non-spin-polarized charge self-
consistent Korringa-Kohn-Rostoker (KKR) method was em-
ployed and the results obtained have been used to analyze
SFe-site Mossbauer spectra recorded at 295 K (paramag-
netic state) on the o-phase compounds Fe;qy_,V, with 34.4
=x=59.0.

II. EXPERIMENTAL AND THEORETICAL DETAILS

The procedure of the o Fe-V samples preparation is given
in detail elsewhere.!® 3’Fe Mossbauer spectra were recorded
in a transmission geometry using a standard spectrometer
and a >’Co/Rh source for the 14.4 keV gamma rays. The
samples were in form of powder, their effective thickness
was small enough to analyze the obtained spectra in terms of
a thin absorber approximation, i.e., as a superposition of the
Lorentzian-shaped lines.

Since Fe atoms were confirmed to be present on each of
the five nonequivalent sites,'> we consequently assumed the
Mossbauer spectrum to be composed of five subspectra. The
subspectrum associated with each site can be characterized
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TABLE I. Atomic crystallographic positions and numbers of the nearest-neighbor atoms, NN, for the five

lattice sites of the o phase.

NN
Site Crystallographic positions A B C D E Total
A 2i (0, 0, 0) 4 4 4 12
B 4f (0.4, 0.4, 0) 2 1 2 4 6 15
C 8i (0.74, 0.66, 0) 1 5 4 4 14
D 8i (0.464, 0.131, 0) 1 2 4 1 4 12
E 8j (0.183, 0.183, 0.252) 1 3 4 4 2 14

by the following spectral parameters: amplitude /, linewidth
G, isomer shift (center of gravity), IS, that measures a charge
density at nucleus of the probe atom, and quadrupole split-
ting, OS, that gives information on the EFG. Taking into
account one parameter for a background and the fact that in
the unit cell of the o phase there are five sublattices, one
needs 21 parameters to describe the overall spectrum. How-
ever, as the *’Fe-site Mossbauer spectrum of the o phase in a
paramagnetic state has no well-resolved structure,'” the
unique determination of these parameters from the spectrum
analysis itself appears impossible and an additional informa-
tion is required. The latter can be partly obtained, e.g., from
a neutron-diffraction experiment that has confirmed the pres-
ence of Fe atoms on all five sites and also yielded precise
knowledge on their relative population on these sites.'* Sub-
lattices A and D were found to be nearly fully occupied by
Fe atoms whereas the occupation frequency of the remaining
B, C, and E sublattices by Fe atoms is much smaller and it
decreases linearly with vanadium content at similar rates. On
the other hand, the number of Fe/V atoms occupying A (2i)
and B (4f) sites is significantly lower than those on the other
sites (Table I). Hence, the largest influence on changes of the
overall shape of the spectra should be mainly caused by
compositional occupancy variations in sites C (8i) and E (8j).
Assuming the Lamb-Mossbauer factor to be site indepen-
dent, the relative contribution of each subspectrum ascribed
to the site should be equal to the corresponding values deter-
mined from the neutron experiment. Setting the latter as con-
straints, reduces the number of free parameters from 21 to 17
which is still too high to allow for the unique refinement of
the MS spectrum. Theoretical calculations, as those pre-
sented elsewhere, are of a great help in this respect.'?

It turns out that the KKR method combined with the co-
herent potential approximation (CPA) would be especially
well suited for investigation of the electronic structure of
chemically disordered o phase as it occurs in the Fe-V sys-
tem. However, such self-consistent calculations are ex-
tremely time consuming due to the presence of Fe/V disorder
on all sites as well as their high multiplicity giving rise to a
long process of CPA self-consistency cycles (scaling more or
less with 2V, where N=30 is the total number of sites). In
addition, such results may only give us the quantities of in-
terest averaged over all possible atomic configurations. This
can be important when studying theoretically magnetic prop-
erties of these compounds but it appears rather useless for the
determination of the spectral parameters of the samples in

the paramagnetic state. We have, therefore, proposed an al-
ternative approach to face the problem,'? in which the elec-
tronic structure of the o phase was calculated in a reasonably
large number of ordered approximants, allowing verification
of representative atomic configurations. These configurations
should cover the most probable Fe and V arrangements in the
unit cell of the disordered o phase as well as a wide range of
the Fe-nearest-neighbor (NN) numbers. Such selection takes
into account the fact that some NN numbers are much less
probable than others.'> Consequently, all considered NN
numbers made up 95% of all possible NN values. Such prob-
ability cutoff has permitted us to significantly reduce the
configurations number and considerably diminish computa-
tional time. In practice, all KKR calculations were carried
out using the lowest-symmetry simple tetragonal unit cell
(P1), in which the atoms were located on the same positions
as in the original symmetry group of the o phase (P4,/mnm)
but they were occupied either by Fe or V atoms. In the case
of the Fe oV, alloys, where the o phase exists for ~33
=x= ~60, two border compounds have been chosen for the
present calculations, i.e., Fe,yV, corresponding to x=33.3,
and Fe;,V 3 equivalent to x=60. In order to obtain the most
probable atomic configurations that satisfy the condition on
the nearest neighborhood appearing with the aforementioned
overall probability =0.95, it was enough to take into account
26 and 17 different configurations for the x=33.3 and x
=60 compounds, respectively.

Quite similar approach, was already employed in some
previous works'*~!7 to study relations between a charge on
site, crystal potential, and atomic environment but for alloy
systems having much simpler crystallographic structure. Au-
thors of these studies considered essentially the effect of a
spatial arrangement of foreign atoms in different neighbor
shells to find their influence on values of charges localized
on sites and intersite Coulomb potentials. Interestingly,
Pinski'® showed that more or less a linear relation between
Coulomb potential and the charge at site, as derived from
fully self-consistent DFT local-density approximation (LDA)
calculations'® in ordered and disordered models of bec al-
loys, can be easily explained by Thomas-Fermi-type effect. It
must be realized that the crystal structure of the o phase is
much more complex than the simple bcc one hence we had
to restrict our study to the influence of the foreign atoms
located only in NN shell. Furthermore, the main goal of our
work was to search for relations between the charge density
at Fe nuclei (not really a net charge on site as reported in
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Ref. 18) and the number (not spatial atoms arrangement) of
Cr/V nearest neighbors.

The charge and spin self-consistent Korringa-Kohn-
Rostoker Green’s function method'*~?! was here used to cal-
culate the electronic structure of Fe-V o phase. The crystal
potential of the muffin-tin form was constructed within the
LDA framework using the Barth-Hedin formula for the
exchange-correlation part. The experimental values of lattice
constants'® and atomic positions (Table I) were used in all
our computations. For fully converged crystal potentials
electronic density of states (DOS), total, site-composed and
[-decomposed DOS (with [,,=2 for Fe and V atoms) were
derived. Fully converged results were obtained for ~120
special k-points grid in the irreducible part of Brillouin zone
but they were also checked for convergence using more
dense k mesh. DOS were computed using the tetrahedron k
space integration technique and ~700 small tetrahedrons.??

It should be mentioned that our KKR calculations, in prin-
ciple, do not refer to paramagnetic state, as one could expect
from, e.g., KKR-CPA computations within the disordered lo-
cal moments approach? since we have considered non-spin-
polarized results. However, a comparison between non-spin-
polarized and spin-polarized KKR results, performed for a
few atomic configurations of the o-Fe-V phase, has evidently
shown a negligible effect on the calculated charge densities
at nuclei—the central quantities of our study. This finding
can be explained by the fact that we deal with the electron
density (not spin density) being weakly dependent on a spin
polarization (the differences obtained for several chosen con-
figurations are as small as ~0.04 [a.u.”’], ie., below
0.0003%). More details on the calculations can be found
elsewhere.'?

III. RESULTS AND DISCUSSION

Figure 1 presents the charge density at >’Fe nuclei, p,(0),
and the corresponding isomer shift, IS, calculated for the
specified o-phase compositions and for the nonequivalent
sites. The results of the calculations are shown for two dif-
ferent Fe-V systems, viz., Fe,oV, and Fe|,V 5 as well as, for
the sake of comparison, for Fe,Cr;4 (Ref. 12) (the latter only
in form of straight lines representing the best fits to the data).
Average values of the charge density calculated for each lat-
tice site and the alloy system are marked as horizontal bars
on the right-hand axis, which is calibrated in the units of the
isomer shift using the scaling constant given elsewhere.!?
The probability distributions of the nearest-neighbor iron at-
oms (NN-Fe) calculated for all five sites in the Fe-V systems
are also displayed in Fig. 1 as Gaussian-type curves and they
were used when calculating average charge densities. The
detailed explanation of this procedure can be found in Ref.
12. As the relevant comparison with experiment can only be
made uniquely for the differences in the p,(0) values, the
value of IS=0 mm/s was set arbitrary.

From the results presented in Fig. 1 several interesting
conclusions can be drawn. First, the Fe-site charge density is
characteristic of a given lattice site. Second, for a given site
it linearly decreases with the number of NN-Fe atoms, which
means that substituting V atoms by Fe ones causes a de-

PHYSICAL REVIEW B 81, 174203 (2010)

11857.4
11857.2
11857.0
11856.8
11856.6
11856.4
11856.2
11856.0

11857.4
11857.2
11857.0
11856.8
11856.6
11856.4
11856.2
11856.0

11857.4
11857.2
11857.0
11856.8
11856.6
11856.4
11856.2
11856.0

11857.4
11857.2
11857.0
11856.8
11856.6
11856.4
11856.2
11856.0

11857.4
11857.2
11857.0
11856.8
11856.6
11856.4
11856.2
11856.0

0

A: p,on Fe
Relative IS [mm/s]

B: p,on Fe
Relative IS [mm/s]

C: p, on Fe
Relative IS [mm/s]

D: p.on Fe
Relative IS [mm/s]

E: p, on Fe
Relative IS [mm/s]

2 4 6 8 10 12 14
Fe-NN

FIG. 1. (Color online) Fe-site charge density, p4(0), for five
crystallographic sites versus the number of NN-Fe atoms for
Fe,oV o (green, sold line), Fe;,V g (red, dotted line) and FesCry
(Ref. 12) (blue, dashed line), the later only in form of straight lines
representing the best fits to the data. All lines stand for the best
linear fits to the data that represent p,(0) values for particular
atomic NN configurations. The average value of p,(0) for each site
is indicated by a horizontal bar on the right-hand axis on which are
marked corresponding IS values in mm/s. Probability distributions
of NN-Fe atoms for the two o-FeV samples are indicated as
Gaussian-type curves.

crease in the Fe-site charge density. In other words, upon
such substitution the charge is likely transferred from vana-
dium to iron. Interestingly, similar effect was found for bcc-
Fe-V alloys.?* The rate of decrease in the Fe-site charge den-
sity is specific both for the sublattice type and alloy
composition. This behavior can be well illustrated in Table II
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TABLE II. Average NN distance, (d), average number of NN atoms of Fe-type, (NN-Fe), rate of IS
changes per one NN-Fe atom, AIS, and average isomer shift values, (IS) for the five lattice sites of the Fe-Cr

and Fe-V o phases.

(d) AIS (IS)
Site (A) NN (NN-Fe) (mm/s/Fe-atom) (mm/s)
F€16Cr14
A 2.5004 12 6.02 -0.015 -0.379
B 2.6992 15 8.58 -0.011 -0.032
C 2.6554 14 7.31 -0.015 -0.164
D 2.5247 12 5.36 -0.018 -0.351
E 2.6380 14 7.64 -0.012 -0.267
FeyVio
A 2.5234 12 7.34 -0.027 -0.353
B 2.7241 15 10.44 -0.023 -0.020
C 2.6799 14 9.08 -0.015 —-0.144
D 2.5479 12 6.91 -0.028 -0.320
E 2.6621 14 9.11 -0.014 -0.229
Fe;pVig
A 2.5543 12 4.67 —-0.026 —-0.405
B 2.7571 15 6.94 —-0.019 —-0.057
C 2.7123 14 541 —-0.022 -0.211
D 2.5791 12 3.38 -0.029 -0.413
E 2.6955 14 5.84 -0.013 —-0.298
and Fig. 2(a), which presents the rate of the IS decrease per
one NN-Fe atom, AIS, for all five sites versus composition. It
is evident that the largest (in amplitude) values are observed 001 b 2001 -
for sites D and A whereas the smallest one for site E. All 2 20 v (a) E 8 (b)
these three sites show also a weak concentration dependence. 7 0015 e ¢ o 0015 ¢
Contrarily, for sites B and C the effect of composition is m} 002 _ =z ooz L
stronger and it goes in the opposite direction (i.e., decrease at Ela g '
C and increase at B site) to cross at x~50. The correspond- % 002 |B 02 b %‘
ing AIS values obtained previously for the Fe-Cr o phase!? 4 -gf: g gg‘:%ﬁ?
are given for comparison in Fig. 2(a). It is worth noting that s 003 R
the effect in that case is much weaker than in the Fe-V o 30 35 40 45 50 55 60 345 6 7 8 91011
phase. This result is markedly different from the behavior * (NN-Fe )
observed in the bce Fe-based binary alloy systems, where the 0.0 0.0
influence of Cr and V atoms on the Fe-site charge density e -0.05 :—BB\"‘\B 005 [ 522:\\22
was practically the same.>>2° T oolp B 0.1 [ FerCryg
One can also look at AIS—values as a function of the E 015 .‘CA\A E o
average number of NN-Fe atoms, (NN-Fe). This kind of rep- e 2o B 02
resentation gives us an information for each site and alloy g 0022 :DG\'\@ TE’ 0022 B
system how NN-Fe atoms affect AIS. The relevant plot is 5 os LA . © | = o [
shown in Fig. 2(b). Here one can see again that the influence &= 04 L = 04 L (@)
of Cr atoms is significantly weaker than that of V atoms. ) P P s L1
Furthermore, for the Fe-Cr alloy the dependence is almost W30 D B0 00 202 ?Z ;& 2T

linear. For the Fe-V alloys one can see that in each case the
data for four lattice sites also nicely lie on straight lines,
whose slopes are, however, steeper than the one for the
Fe-Cr alloy and, additionally, AIS decreases more rapidly for
Fe,oV 9. However, there are two data points (B site for
Fe,yV o and E site for Fe;,V g, see also Table II) that are
situated markedly off the general trends observed for the

FIG. 2. (Color online) The rates of changes, AIS, of isomer
shifts versus (a) composition and lattice site for FeCr and FeV
systems and (b) versus (NN-Fe) number. Relative (IS) values versus
(c) composition and lattice site for the two systems and (d) average
NN distances, {(d). In all cases filled symbols correspond to FeCr
system whereas empty symbols—to FeV system.
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other four sites. Actually, the dependence of AIS vs (NN-Fe)
is not necessarily expected to be monotonic since not only
(NN-Fe) but also other possible factors (e.g., specific atomic
arrangement) may affect the AIS values. Noteworthy, for B
site (multiplicity 4f) in FeyyV,,, that is the most deviated
from general trend, the effective number of Fe atoms occu-
pying this sublattice, is the smallest one. Hence, the influ-
ence of specific atomic arrangements, accounted for the cal-
culations, is likely the strongest one on this site. Finally,
straight lines in Fig. 2(b) are only plotted to allow for noti-
fying general tendencies in different alloy compositions. It
should be mentioned here that the departure of the two data
points from the straight lines has no any effect on the analy-
sis of the measured spectra because in their refinement the
values obtained for particular sites are taken into account but
not the slopes of the lines.

It is also of interest to consider the average charge densi-
ties. For any x value lying between 33.3 and 60 they can be
determined as a weighted average of the parameters obtained
for the border compositions. For practical reason, they are
represented here as the average isomer shift, (IS), having the
reference point (0 mm/s) as described above. Taking into
account /S values calculated for different compositions, atom
configurations and sites, the average IS value, (IS); (i=A
through E) for each nonequivalent site can be calculated.
Thus, Fig. 2(c) shows (IS) for various lattice sites versus
concentration while Fig. 2(d) versus the average radius of the
NN shell, {d). Concerning the former, one can notice that in
the average charge density, there is no difference between the
two alloy systems, i.e., the data for the Fe-Cr lie nicely on
the lines joining the data found for the two Fe-V alloys of the
extreme compositions. Next, it is also evident that the aver-
age charge density is characteristic of a given site, and for
each site there is a linear decrease in {IS) with V/Cr content.
The latter means the average Fe-site charge density increases
with the increase in Cr/V concentration. The direction of
changes agrees with the result found for the bec Fe-Cr and
Fe-V alloys.?* Regarding particular sites, the most positive
(IS) value (the lowest charge density) have Fe atoms occu-
pying sites B, the most negative one those situated on sites A
and D, the maximum difference being ~0.3 mm/s. Finally,
Fig. 2(d) illustrates the dependence of (IS) on (d). Here, one
can easily notice that with the increase of (d) there is an
increase in (IS), which is equivalent to the decrease in the
charge density. The data were fitted assuming (IS)~ ((d)
—{d),)3, {d), being the NN distance for the sublattice A, i.e.,
(IS) was proportional to the volume of the NN shell. The
best-fit curves obtained in that way rather nicely follow the
calculated values, confirming thereby that the expansion of
the NN shell results in a decrease in the charge density on the
Fe atom occupying the center of the shell.

Finally, the difference in the influence of Cr and V atoms
on the Fe-site charge density can be expressed in terms of an
average change in the value of the isomer shift per one for-
eign atom in the NN shell. The corresponding figures found
for Fe4Cry4, Fe,Vyg, and Fe,V g are: —0.041, —0.058, and
—0.068 mm/s. They clearly show that the effect of V atoms
is significantly stronger than that of Cr ones, which was not
the case for the bee Fe-Cr and Fe-V alloys.?* In the latter, the
corresponding values are equal to —0.023 and —0.028 mm/s,
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FIG. 3. (Color online) Average isomer shift, (/S) versus vana-
dium concentration, x, as measured (circles) and as calculated (solid
line). The dashed line indicates the best fit to the measured values.

respectively, i.e., they are almost the same in both systems
and by factor two smaller.

It is clear from the aforementioned results that changes in
the electronic structure of the o-phase Fe-V and Fe-Cr sys-
tems have their origin in two factors, namely, geometry
(space available for each atom) as illustrated in Fig. 2(d), and
the kind as well as a number of atoms occupying the NN
shell as shown in Fig. 2(b). Certainly, the calculated quanti-
ties strongly depend on the site, which is perhaps best seen in
Fig. 2(b), where, e.g., for (NN-Fe)=7, there is markedly dif-
ferent change for various sites in Fe,,V;, and Fe{,V 5. In
order to estimate the geometrical effect, we have calculated a
quantity (IS), according to the following formula:

1) 2 PAIS)V),
. S PV

where (V);=(d);. Using this procedure we have eliminated
thereby the effect of a different volume of the particular sub-
lattice NN shells. Based on Eq. (1) we have got (IS)y=
—0.24 mm/s for x=33.3 and (IS)y=-0.38 mm/s for x=60.
The corresponding values for the noncorrected (IS)’s were
—-0.28 and —0.35 mm/s, respectively. We see, therefore, that
after the volume correction, the dependence of (IS) on x is
stronger, and it better reflects the influence of other factors
mentioned above, including the effect of the number of NN-
shell neighbors.

(1)

A. Comparison with experiment

The probability of finding Fe atoms on each site, P;, as
well as the knowledge of (IS); allow determining the average
isomer shift for any composition, {/S)(x)

(IS)(x) = 2 Px){IS)(x). )

As illustrated in Fig. 3 the calculated (/S)(x) values are in an
excellent agreement with the measured ones. The data pre-
sented in the figure also give a clear evidence that substitut-
ing Fe atoms by V ones in the structure of the o phase has
quite similar effect on the Fe-site charge-density values as
already observed in the structure of the a phase.?> In the
latter, the Fe-site charge density also increased as a function
of x.
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FIG. 4. (Color online) Quadrupole splitting, QS, as determined
for each site and vanadium concentration, x, from the analysis of
the measured spectra with the protocol described in the text. Values
obtained previously for a o-Fe-Cr compound (Ref. 12) are indicated
as filled symbols for comparison.

The satisfying agreement between the experimental and
calculated data give us a confidence that our electronic-
structure calculations deliver reliable description of the Fe
site hyperfine parameters in the o-phase samples. One may
also expect that the more detailed information obtained in the
present study for the sublattice charge density is also cred-
ible.

B. Quadrupole splitting calculation

The second spectral parameter, viz., QS was calculated
based on an extended point charge model as described in
detail elsewhere.'> The obtained results for each site and
composition are shown in Fig. 4. It is clear that also QS is
characteristic of each site, maybe except the sites B and D
for which QS values are very close to each other whatever
the concentration x. Another interesting feature is that except
for A site, the QS values remain constant vs. composition for
all other sites. The highest QS value was found for site E
(~0.45 mm/s) and the lowest one for C (~0.20 mm/s).

It should be added that all QS values have been calculated
independently for each value of x. For this purpose the aver-
age values of the charge densities obtained for each lattice
site, as carried out by electronic structure KKR calculations,
were used for determining components of the V;; tensor. As
is evident from Fig. 4, the compositional dependence of QS
values is rather weak, except for site A, where a decrease of
OS with x is significant. In other words, the compositional
dependence of QS cannot be simply explained in terms of the
probability shifts of the corresponding NN distributions on
the inequivalent lattice sites (Fig. 1).

For comparison, QS values obtained previously for the
o-Fe ,Cr;, compound'? are marked in Fig. 4 by reversely
filled symbols. Interestingly, for the sites A, D, and E they
match very well the values calculated for the o-Fe-V system
while for the sites B and C they are significantly smaller and
differ one from another.

C. Mossbauer spectra evaluation

Using as constraints the Fe-site occupancy values found
from the neutron-diffraction experiment'? for the relative in-

PHYSICAL REVIEW B 81, 174203 (2010)

100
=
K, 99
=
R=t
2 o
g
g 97
g
=
. 96
)
~
95
100 B
g 99
g
= 98
2
5 o7
g
HH 96 site B
— — site C
é 95 — site D
R — site E
94 1 1 1 1 1 1 1
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

V [mm/s]

FIG. 5. (Color online) 7Fe-site Mossbauer spectra recorded at
295 K on two samples with (a) x=37 and (b) x=46. The best-fit
spectrum and five subspectra are indicated by solid lines.

tensities of the five subspectra on one hand, and taking for 1S
and QS the values obtained from the present KKR calcula-
tions on the other, we have successfully refined the measured
S"Fe Mossbauer spectra. In the fitting procedure, each sub-
spectrum was regarded as composed of double lines having
the same QS but various IS values. The isomer shifts were
assumed to be linearly dependent on the number of the
NN-Fe atoms, which probabilities were determined assuming
the binomial distribution. It should be mentioned that only
five free parameters were needed for the analysis, i.e., back-
ground, total spectral area, IS for site B (to adjust the refined
spectrum to the used source of the gamma rays), linewidth
and a proportionality factor between QS and an energy shift
due to the quadrupole interactions.'? The agreement between
the experimental and calculated spectra is really excellent for
all measured compositions of the o-Fe-V system. Two ex-
amples, for intermediate x values, are displayed in Fig. 5.

IV. SUMMARY

In summary, our results of the self-consistent KKR
electronic-structure calculations obtained for the representa-
tive and finite number of ordered configurations of o-Fe-V
system lead to conclusion that the proposed procedure, based
on the hyperfine parameters calculated from the first-
principle methods, in combination with the experimental
data for the atom distribution over the five sublattices, deliv-
ers reliable information on the charge density and the electric
field gradient in the complex disordered alloy system repre-
sented by the o phase. It should be stressed here that this
information was obtained for all five sublattices separately,
taking into account the real concentrations of atoms present
on them.

The main advantage of our calculations in comparison to
those carried out by others (e.g., Ref. 27), in which the sub-
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lattices were occupied exclusively by the same atoms, is that
we have taken into account many more various atomic con-
figurations. Such procedure has allowed us to get much more
precise and realistic insight into the electronic structure of
the o phase. Moreover, our calculations have been verified
by Mdssbauer-effect measurements. A very good agreement
achieved between theory and experiment can be regarded as
evidence that the procedure we have applied gives a reliable
approach to study the electronic structure of the complex and

PHYSICAL REVIEW B 81, 174203 (2010)

disordered alloy systems. Our approach can also be of a
practical importance while analyzing ill-resolved Mdssbauer
spectra, characteristic of such materials.
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