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a b s t r a c t

Based on experimental data it is shown, for some chosen alloys and compounds of iron, that there is no
unique relationship between the 57Fe-site magnetic hyperfine field, Bhf, and the magnetic moment per Fe
atom, �. Instead, the Bhf–� plot consists of several branches, each of them being characteristic of a given
alloy or compound. Consequently, the effective proportionality constant (hyperfine coupling constant)
depends on the alloy system or compound, and for a given alloy system or compound it depends on the
composition or even on the lattice site. Consequently, the scaling of Bhf into the underlying � cannot be
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done a priori.
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. Introduction

Magnetic alloy systems and compounds of iron are often inves-
igated with the use of Mössbauer spectroscopy and the magnetic
yperfine field, Bhf being the main spectral parameter. A question
rises whether or not any information on the underlying magnetic
oment, � can be derived from Bhf. A rather quite frequent prac-

ice, applied to recalculate Bhf into �, has been to simply divide the
easured value of Bhf by ∼15 T/�B, a figure obtained by dividing

he value of Bhf measured for a metallic Fe (33.9 T at 4 K), by the
alue of the magnetic moment per Fe atom in iron (2.2�B). This
rocedure was applied for various alloy systems and compounds
aving not only different compositions but also different crystal-

ographic structures [1–7], despite theoretical calculations carried
ut as early as in 1961 clearly demonstrated that even for the pure
etallic iron the two quantities are not proportional to each other

8]. This was confirmed by more recent calculations of the hyperfine
eld in disordered alloys of Fe–Cr and Fe–Co using self-consistent
orringa–Kohn–Rostoker coherent–potential method [9]. From a
pin-polarized variational method applied for a 15 atom cluster in

e–Al disordered alloys it is evident that the hyperfine coupling
onstant strongly depends on the cluster of atoms; it changes not
nly the value but also its sign [10]. It is also known from mea-
urements that the temperature dependence of Bhf does not, in
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general, follow that of the magnetization, the difference between
the two quantities being temperature dependant [11–13]. This
means that the proportionality constant between the two quan-
tities may be temperature dependent. The latter was emphasized
and discussed in Ref. [14]. As will be shown below in several exam-
ples of Fe-containing alloys and compounds, the effective hyperfine
coupling constant, A, i.e. the figure obtained by dividing the mea-
sured 57Fe-site hyperfine field by the magnetic moment per Fe
atom determined either from magnetization or from neutron mea-
surements depends on the alloy system, and for a given alloy it
depends on its composition and degree of order. For intermetallic
compounds, the constant depends also on a crystallographic site. An
extreme example seems to be a RuxFeySi system for which the effec-
tive coupling constant changes between 189.3 T/�B for RuFeSi0.5
and 27.7 T/�B for RuFeSi [1]. In other words, there is no one definite
value of this constant, hence the relationship between Bhf and � is
not universal which means that the rescaling of Bhf into � cannot
be done a priori.

2. Theoretical background

Magnetic hyperfine field as measured, for example by Möss-
bauer spectroscopy, Bhf, can be expressed as a vectorial sum of three

components:

�Bhf = �Bd + �Bo + �Bc (1)

where Bd is a dipole term, Bo is an orbital term and Bc is the Fermi
contact term. For iron alloy systems and compounds, the orbital

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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Further discussion of the issue will depict the value of the effective proportional-
ity constant (hyperfine coupling constant), A, between the measured hyperfine field
and the magnetic moment per Fe site (for disordered alloys and for the sigma-phase
both quantities are average ones) i.e. calculated assuming Bhf = A�.
S.M. Dubiel / Journal of Alloys

erm is small because the expectation value of the orbital momen-
um, 〈L〉, is quenched by the crystalline field [15], and the dipolar
erm is of the order of 2 T [9,16] i.e. the two terms are much smaller
han Bhf (equal to 33 T for metallic Fe at room temperature). In these
ircumstances with a good approximation Bhf = Bc.

Bc has its origin in a different density of s-like electrons with
pin-up (↑) and spin-down (↓) within the volume of nucleus, �(0).
hus neglecting the first two terms in Eq. (1), Bhf can be expressed
s follows:

hf = a′
∑

[�↑
i
(0) − �↓

i
(0)] (2)

here a′ is a proportionality constant. The Bc term is often regarded
s consisting of two contributions:

c = Bcp + Bcep (3)

ith Bcp representing the field due to a polarization of core (1s, 2s,
s) electrons and Bcep representing the one due to the polarization
f band (conduction or valence) electrons (4s, 3d, 4p). The reason
or such separation follows from theoretical calculations by Watson
nd Freeman according to which only the first term is proportional
o the 3d shell magnetic moment, �d [8]. Having this in mind, Bhf
an be expressed as follows:

c = a�d + b[�↑(0) − �↓(0)] (4)

n Eq. (4) �(0) stands for the total band (conduction or valence)
lectron contact density. Bc–�d linearity was also confirmed the-
retically by other authors [17–20]. However, the value of the
roportionality constant, a, depends on theoretical approach. In
his respect the most detailed calculations were carried out by
indgren and Sjøstrøm who calculated Bcp (1s, 2s, 3s) and Bcep

4s, 3d, 4p) terms for five different exchange correlation potentials
oth for a band iron and a free Fe atom (3d74s1), using relativis-
ic and non-relativistic approximation [19]. They found that a was
etween −17.1 T/�B and −12.1 T/�B for the relativistic band calcu-

ations, and between −12.1 T/�B and −9.3 T/�B for non-relativistic
ree atom calculations, depending on the exchange potential. The
orresponding constant for the total field i.e. Bc was between
20.25 T/�B and −15.0 T/�B. The proportionality constant b has yet
ifferent value; e.g. according to a recent paper, in which the full-
otential linearized augmented plane wave method based on the
ensity function theory was used, it is equal to 9 T/�B [20], while
ccording to others, b = 26.1 T/�B [18]. Calculations performed with
he spin-polarized discrete variational method for clusters of 15
toms in Fe–Cr alloys showed that both the value and the sign
f the proportionality constant strongly depend on the atomic
onfigurations, and it ranges between 12.0 T/�B and −12.5 T/�B
epending on the number of Fe and Cr atoms in the first two coordi-
ation shells [21]. Despite these differences obtained with various
pproaches applied in the theoretical calculations it is clear that
he proportionality between the measured total hyperfine field,
hf, and the magnetic moment, �, often used in an interpreta-
ion of Mössbauer data should be used with caution since the
and (conduction or valence) term is not necessarily proportional
o the magnetic moment. The deviation from the proportionality
hould be greater for systems where the Bcep term is relatively
arge i.e. in itinerant magnetic systems. Conversely, for magnetic
ystems with a well localized magnetic moment, the relationship
hould be rather linear. In fact, the latter seems to be the case
or R–Fe compounds [22]. In particular, for various Y–Fe ones for
hich the value of the proportionality constant between the Fe-
ite hyperfine field and the Fe-site magnetic moment is ∼15 T/�B
23]. On the other hand, there are also exceptions in this group of
ompounds, like YFe6Sn6, for example, where the Bhf–� relation-
hip shows a pronounced curvature which likely originates from
he fact that only the core electron contribution is proportional
Fig. 1. Hyperfine field, Bhf , versus magnetic moment per Fe atom, �, for (a) disor-
dered Fe–M alloys (M = Co, Cr, Si), (b) ordered (DO3) Fe3−xXxSi (X = Co) and Fe3Al
alloy and (c) sigma-phase Fe–Cr alloys.

to the Fe magnetic moment while the conduction electron term
is not [22].

3. Experimental relationship

3.1. Hyperfine field versus magnetic moment

A relationship between Bhf and � as measured on three types of iron alloy and
compound systems, viz. (a) disordered binary Fe–M alloys with M = Co, Cr and Si, (b)
ordered (DO3) Fe3Si and Fe3Al intermetallic compounds with Fe atoms substituted
by Co, Cr, Ni, Mn and Ru and (c) sigma-phase FeCr non-stoichiometric compound,
is presented in Fig. 1. The plot was constructed based on the data published in Refs.
[24,25,28–39]. It is clear that the data do not follow any unique linear relationship.
Instead, different branches, similar to the Slater–Pauling curves known for magnetic
moments or Curie temperatures, can be observed. The types (a) and (b) of alloys
have their own branches and within type (a) each of the three investigated alloys
has its own branch. On the other hand, the data for the sigma-Fe–Cr lie well on
the branch characteristic of the disordered Fe–Si alloys. This branch and the one
for the disordered Fe–Cr alloys have a quasi-linear character, though their slope is
significantly different. However, the branch for the disordered Fe–Co alloys has a
pronounced curvature.

To show further that for a given class of alloys the Bhf–� relation, hence the value
of the effective coupling constant, A, depends on the composition, such relation is
illustrated in Fig. 2 only for the sigma-phase in Fe–Cr and Fe–V systems.

Here the Bhf–� relation is non-linear for the Fe–Cr system and perfectly linear
over a much wider range of composition for the Fe–V system.
Fig. 2. Average hyperfine field, Bhf , versus average magnetic moment per Fe site, �,
for the sigma-phase in Fe–Cr and Fe–V systems [25].
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Fig. 5. Effective hyperfine coupling constant, A, for ordered (DO3) Fe3−xTxSi alloys
(T = Co, Cr, Ni, Mn) versus x.

is clear that A ≈ 14–15 T/�B up to x ≈ 1.4, followed by a steep quasi-linear increase.
The difference between the minimum and the maximum value of A is here one order
ig. 3. Effective hyperfine coupling constant, A, for disordered Fe100−xMx alloys with
= Co, Cr and Si versus x, as determined based on the data published in the literature.

.2. Disordered binary alloys

Fig. 3 illustrates A as a function of x for Fe100−xMx (M = Co, Cr and Si) obtained from
he data published in Refs. [24,32–39]. It is obvious that A is characteristic of a given
lloy and it is also concentration dependent i.e. it more or less linearly decreases
ith x. For x ≤ ∼18, AFeCr ≈ AFeSi but AFeCo > AFeCr,FeSi. For x ≥ ∼75, AFeCr shows a steeper
ecrease with x and its value at x ≈ 95 is about 7–8 times smaller than that for a
ure iron. For very diluted Fe100−xCrx alloys (x > 99), Fe atoms posses the magnetic
oment of ∼1.4�B+, yet the hyperfine field is as small as 3.5 T [36], consequently

he effective hyperfine coupling constant is equal only to 1.5 T/�B i.e. 10 times less
han for x = 0.

.3. Ordered alloys and compounds

Archetypal examples of the DO3 superstructure are Fe3Al and Fe3Si compounds.
ere the effective proportionality constant, A, that was calculated for the former
ased on the results presented in Refs. [31,33], and for the latter on the results
ublished in Ref. [40], is equal to 16.6 T/�B in Fe3Al, and 15.4 T/�B in Fe3Si for sites
and C against 14.7 T/�B in Fe3Al and 16.1 T/�B in Fe3Si for site B. Yet a greater

ifference between the sites for the Fe3Si compound follows from the results given
n Ref. [11]. Here AA,C = 17.0 T/�B against AB = 13.3 T/�B. This illustrates well the fact
hat A in a given compound or ordered alloy can be even site dependent. On the
ther hand, the kind of element with which Fe makes the compound also seems
o be important as far as the value of A is concerned. In particular, for Fe3Ge the
ite average value of A = 12.3 T/�B as determined from the data published in Refs.
41,42] which is significantly less than the value found for Fe3Al and Fe3Si. To further
nvestigate the issue we consider the Fe3Si compound in which Fe atoms have been
ubstituted by Co atoms.

A versus x for Fe3−xCoxSi compounds obtained from the data published in Ref.
32], is presented in Fig. 4. The most striking feature to be noticed here is a clear
ependence of A on the crystallographic site, namely AB > AA,C . Another interesting
eature that can easily be noticed is a different concentration dependence of AB and
A,C . The former increases with x, reaches its maximum at x ≈ 0.8 and falls again
or greater x. The latter initially decreases with x, reaches its minimum at x ≈ 0.5
o increase slowly for larger x-values. In any case, for all x-values, except x = 0, the
alues of A differ significantly for the two sites and the maximum difference equals
o 11.5 T/�B for x ≈ 0.8–1 i.e. at this composition AB is twice as big as AA,C .

Quite similar behavior, as illustrated in Fig. 5, exhibits the Fe3Si alloy with Cr
nd Ni atoms substituted for Fe. On the other hand, the AA,C-values for M = Mn do

ig. 4. Effective hyperfine coupling constant, A, for ordered (DO3) Fe3−xCoxSi alloys
ersus x, as deduced from the data presented in [31].
Fig. 6. Effective hyperfine coupling constant, A, for ordered (DO3) Fe3−xRuxSi alloys
versus x.

not show any systematic character. This also contrasts with M = Al where, it follows
from Ref. [43], AA,C ≈ AB ≈ 18 T/�B.

In the case of Fe3−xRuxSi the magnetic moment was determined from the mag-
netization measurements, so only its average value per Fe atom is known [26].
Consequently, no distinction between the two sites could have been made. The
average value of A over the two sites versus x is plotted in Fig. 6, from which it
of magnitude.
A similar effect can be seen in Fig. 7 for DO3 ordered Fe100−xAlx alloys with

22.5 ≤ x ≤ 34 as derived from the data presented elsewhere [27]. One can readily see

Fig. 7. Effective proportionality constant, A, between Bhf and � for DO3 ordered
Fe100−xAlx versus x.
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Fig. 8. Effective hyperfine coupling constant, A, versus x for disordered (D) and
ordered (O) Fe100−xCox alloys. The greatest difference in A can be seen around x = 50
i.e. at the composition where the degree of the B2 order is at maximum.
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ig. 9. Average hyperfine coupling constant, A, versus Cr concentration, x, in the
igma-Fe100−xCrx alloys [25].

hat here also A is concentration dependent, and it increases with x from 14 T/�B at
≈ 23 to 45 T/�B at x ≈ 34.

Similar effect of the composition on the effective hyperfine coupling constant
s shown in B2 ordered alloys. Fig. 8 illustrates this behavior for disordered and
rdered Fe100−xCox alloys.

Much smaller A-values can be found in other ordered alloys or compounds of
ron. In particular, using the appropriate data for Ni3Fe from Refs. [44,45] one arrives
t A = 9.1 T/�B, and at 11.1 T/�B or 9.4 T/�B for site 1 and 2, respectively, in Fe2P [46],
nd finally at 9.5 T/�B for Fe3Sn2 [47].

.4. Sigma-phase Fe–Cr and Fe–V alloys

Sigma-phase alloys have a very complex crystallographic structure with 30
toms distributed over five different lattice sites. Consequently, only the average
alues, both of the hyperfine field, Bhf , as well as those of the magnetic moment per
e atoms, �, could have been determined. The average value of the hyperfine cou-
ling constant, A, derived from these data for the sigma-phase in the Fe–Cr system

s plotted in Fig. 9. As can be seen it is concentration dependent with a maximum
f ∼14.5 T/�B at x ≈ 47 and a minimum of ∼11.5 T/�B at x ≈ 44.5. On the other hand,
he value of A derived in a similar way for the sigma in the Fe–V system is constant
ithin V concentration of 34–60, and equal to 14.3 T/�B [48]. This clearly shows
ow complex is the question of the relation between the hyperfine field and the
agnetic moment.

.5. Amorphous alloys

The relationship between Bhf and � was also investigated in various amorphous
lloys of iron. Here in many instances a linear relationship was found, but the propor-
ionality constant varied from system to system. In particular, Dunlop and Stroink
ound A = 14.9 T/�B for a series of Fe79SnB20−xSix with 0 ≤ x ≤ 12 [49]. This figure
lightly contrasts with the value of 13 T/�B found for similar alloys by Kemeny et

l. [3]. On the other hand A = 14 T/�B was deduced from the results measured on
exCr100−xB20 alloys with 50 ≤ x ≤ 100 [4]. Panissod et al. found A = 12. 5 T/�B after
ompiling the data on a number of amorphous alloys [5]. It seems that for many
morphous alloys the magnetic hyperfine field is in a good approximation propor-
ional to the Fe-site magnetic moment and the proportionality constant lies within
relatively narrow range of 12.5–15 T/�B.

[
[
[
[
[
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4. Conclusions

Based on the results presented in this paper, the following con-
clusions can be drawn:

1. The magnetic hyperfine field is, in general, not linearly correlated
with the underlying magnetic moment, and the actual correla-
tion depends on the alloy or compound system.

2. Consequently, there is no unique value of the scaling constant
between the two quantities.

3. Instead, it is characteristic of a given alloy or compound system,
and for a given system it depends on its composition.

4. For ordered systems the hyperfine coupling constant is charac-
teristic of a crystallographic site, but for a given site it also shows
a compositional dependence.
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25] J. Cieślak, M. Reissner, S.M. Dubiel, W. Steiner, Phys. State Solid (a) 205 (2008)

1791.
26] S.N. Mishra, D. Rambabu, A.K. Grover, R.G. Pillay, P.N. Tandon, H.G. Devare, R.

Vijayaraghavan, J. Appl. Phys. 757 (1985) 3258.
27] E. Voronina, E. Yelsukov, A. Korolyov, A. Yelsukova, S. Godovikov, N.

Chistyakova, Programme and Abstract Book, ICAME, Kanpur (India), 2007, p.
T2–P16.
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