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The room temperature Mössbauer spectra of 57Fe were measured for Fe1−xRhx solid solutions with
x in the range 0.01 ≤ x ≤ 0.06. The obtained data were analysed in terms of the binding energy Eb

between two rhodium atoms in the studied materials using the extended Hrynkiewicz�Królas model.
The extrapolated value of Eb for x = 0 was used to compute the enthalpy HFe−Rh of solution of Rh in
the α-iron matrix. It was found that the enthalpy HFe−Rh value is negative and rhodium atoms interact
repulsively. The result was compared with the value derived from Miedema's cellular atomic model of
alloys.

topics: Mössbauer spectroscopy, hyper�ne parameters, binding energy, enthalpy of solution in binary
iron alloys

1. Introduction

The 57Fe Mössbauer spectroscopy is a useful tool
for studying the interactions of impurity atoms
dissolved in iron [1�9]. The technique is espe-
cially e�ective when the impurity neighbours of
the Mössbauer probe have a su�ciently large ef-
fect on the hyper�ne �eld generated at the probe to
yield distinguishable components in the Mössbauer
spectrum attributed to di�erent con�gurations of
the probe neighbours. Our recent research [10�14]
shows that the technique can also be successfully
applied to binary iron systems for which one ob-
serves in the Mössbauer spectra a small e�ect of the
hyper�ne �eld generated at the 57Fe probe. These
facts are worth noticing because the impurity inter-
actions are simply related to the enthalpy of the so-
lution of the impurity elements in iron [15], and the
enthalpy is widely used in developing and testing
di�erent models of binary alloys as well as meth-
ods for calculating the alloy parameters [16�19].
At the same time, this system may be used as a
model system for which, by the ab initio calcu-
lations, the structural, energetic, thermodynamic,
magnetic, and thermoelectric properties were deter-
mined [20, 21]. The Mössbauer spectroscopy �nd-
ings concerning the enthalpy in some cases can be
useful for verifying the corresponding experimental
data derived from the calorimetric studies [22, 23].
Moreover, the Mössbauer spectroscopy �ndings in
some cases can be impossible to obtain with other

methods. It can happen because the calorimetric
investigations are performed in relatively high tem-
peratures, above the Curie temperature, at which
most of the iron systems are in their γ (fcc) phases,
and the in�uence of magnetic interactions on ther-
modynamic properties of studied alloys cannot be
observed. In turn, the Mössbauer studies provide
information about the enthalpy of solution at a rel-
atively low temperature, below the Curie tempera-
ture, and in such a case the iron alloys are in the α
(bcc) phase.
In this paper, the dilute Fe�Rh iron-based alloys

were investigated by 57Fe Mössbauer spectroscopy
in order to determine hyper�ne interaction param-
eters, a binding energy of two rhodium atoms and
an enthalpy of solution HFe−Rh of Rh in α-Fe ma-
trix [9, 22, 24]. To the best of our knowledge, in the
available literature, the solution enthalpy values of
rhodium in iron have been only predicted from the
semi-empirical cellular atomic model of alloys de-
veloped by Miedema [18].

2. Experiment and results

2.1. Measurements and sample preparation

The samples of Fe1−xRhx alloys, with x in the
range between 0.01 and 0.06, were prepared in two
steps. The �rst one was arc melting of appropriate
amounts of the high-purity components in an argon
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Fig. 1. The room temperature 57Fe Mössbauer
spectra for the Fe1−xRhx alloys measured just after
the melting in an arc furnace.

atmosphere and quick cooling to room temperature.
The weight losses during the melting process were
below 1%, so it could be assumed that the chem-
ical compositions of the obtained ingots are close
to nominal ones. In the second step, the result-
ing ingots were cold-rolled to the �nal thickness of
about 40 µm. The foils were annealed in the vac-
uum at 1270 K for 2 h, and after that, they were
cooled to room temperature with a cooling rate of
about 3 K/min. Under these conditions, di�usion
e�ectively stops at about 700 K [25], so the ob-
served distributions of atoms in the annealed sam-
ples should be in the frozen-in state corresponding
to 700 K. The room temperature measurements of
the 57Fe Mössbauer spectra for each sample were
performed twice, before and after the annealing
process mentioned above. The spectra were taken
in transmission geometry (TMS) by means of a
constant-acceleration Mössbauer spectrometer from
POLON, Warszawa, using standard source 57Co in
Rh of activity 50 mCi with a full width at half

Fig. 2. The 57Fe Mössbauer spectra for the
Fe1−xRhx alloys measured at room temperature af-
ter the annealing process at 1270 K and slow cooling
to room temperature.

maximum (FWHM) of 0.22 mm/s. The 57Co Möss-
bauer source was manufactured by the RITVERC
and supplied by the Eurostandard CZ company.

2.2. Spectra analysis

The measured Mössbauer spectra for Fe�Rh al-
loys were �tted with a sum of di�erent six-line
components corresponding to the various hyper-
�ne �elds B at 57Fe nuclei generated by di�erent
numbers of Rh and Fe atoms located in the �rst co-
ordination shell of the probing nuclei. The number
of components increased with the atomic concentra-
tion of rhodium in the samples. The obtained �ts
are presented in Figs. 1 and 2.
The �tting procedure was done under the as-

sumption that the in�uence of n Rh atoms on B
as well as the corresponding IS is additive and
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TABLE I

The best-�t parameters of the assumed model of the
57Fe Mossbauer spectrum measured for Fe1−xRhx al-
loys. The standard uncertainties for the parameters
result from the variance of the �t. Values of the iso-
mer shift IS0 are reported relative to the correspond-
ing value for α-Fe at room temperature.

x
B0

[T]

∆B

[T]

IS0

[mm/s]

∆IS

[mm/s]

0.01 33.17(3) 1.08(6) 0.014(6) 0.016(2)

0.02 33.11(3) 1.03(2) 0.002(5) 0.010(4)

0.03 33.00(2) 1.02(2) 0.011(4) 0.006(2)

0.04 33.30(4) 1.02(2) 0.005(5) 0.006(1)

0.05 33.25(6) 1.07(2) 0.025(5) 0.007(1)

0.06 33.52(5) 1.11(3) 0.018(7) 0.006(1)

x
Γ16

[mm/s]

Γ25

[mm/s]

Γ34

[mm/s]
I16

0.01 0.350(2) 0.317(2) 0.268(3) 2.32(4)

0.02 0.352(2) 0.309(2) 0.263(2) 2.35(3)

0.03 0.302(1) 0.277(1) 0.247(2) 2.41(3)

0.04 0.339(2) 0.311(2) 0.277(2) 2.48(3)

0.05 0.349(2) 0.291(2) 0.257(2) 2.59(3)

0.06 0.359(3) 0.326(3) 0.289(3) 2.50(4)

independent of the atom positions in the neighbour-
hood of the nuclear probe, so the relationship be-
tween B, IS, and n can be written as follows

B(n) = B0 + n∆B,

IS(n) = IS0 + n∆IS, (1)
where B0, ∆B, IS0, and ∆IS are �tted parameters;
B0 (∆B) and IS0 (∆IS) stand for the change in B
and IS with zero (one) rhodium atom in the �rst co-
ordination shell of the Mössbauer probe. Simultane-
ously, the quadruple shift QS of a subspectrum is a
free parameter and is close to zero. Moreover, it was
assumed that the shape of each line is Lorentzian
and the three linewidths Γ16, Γ25, and Γ34 as well
as the two line area ratios I16/I34 and I25/I34 are
the same for all six-line components of the given
spectrum.
In many cases, the above assumptions are enough

to obtain reasonable results. However, in studied al-
loys, rhodium neighbours of the Mössbauer probe
have a very small e�ect on the hyper�ne �eld gen-
erated at the probe, so proper decomposition of the
Mössbauer spectra to several components is impos-
sible without additional assumptions about the pa-
rameters of the components. For a successful analy-
sis of these spectra, we used two series of data. The
�rst one is for samples frozen in a high-temperature
state just after melting, and the second one is for
samples after annealing at 1270 K for 2 h. The
as-obtained samples can be treated as disorder al-
loys, in which the probability of the existence of n

TABLE II

The binding energy Eb between a pair of Rh atoms
in Fe1−xRhx alloys deduced from the 57Fe Mössbauer
spectra. The standard uncertainties for c1 and c2 re-
sult from the variance of the �t of the assumed model
to the spectra measured.

x c1 c2 p1 p2 Eb [eV]

0.01 0.0456(4) � 0.0746 0.0026 �

0.02 0.0975(3) � 0.1389 0.0099 �

0.03 0.1135(2) � 0.1939 0.0210 �

0.04 0.2808(4) 0.0326(3) 0.2405 0.0351 0.0167(9)

0.05 0.3255(3) 0.0584(2) 0.2793 0.0515 0.0020(4)

0.06 0.3392(6) 0.0726(4) 0.3113 0.0695 0.0034(5)

rhodium atoms among all N atoms located in the
�rst coordination shell of the 57Fe probe is given by
the binomial distribution

pn =
N !

(N−n)!n!
xn(1− x)N−n. (2)

We have accepted that N = 8 for bcc structures
of the studied Fe�Rh alloys. It is worth noting that
the �ts obtained under these assumptions are quite
good. Moreover, the found values of the best-�t pa-
rameters displayed in Table I di�er essentially from
the corresponding data given in the literature, e.g.,
in [26�29].

2.3. The binding energy Eb of two rhodium atoms
in the iron matrix

The obtained values of hyper�ne parameters of
the best-�t model were used to determine relative
shares c1 and c2 of the second and third components
of each spectrum. The components are related to
the existence of one and two rhodium atoms in the
�rst coordination shell of the 57Fe probe. Assuming
that the Lamb�Mössbauer factor is independent of
the con�guration of atoms in the surroundings of
the Mössbauer probe, the c1 and c2 values represent
the intensities of the components mentioned above.
The results are presented in Table II.
To calculate the binding energy Eb for pairs of

Rh atoms, c1 and c2 values of spectrum compo-
nents for annealed samples were used. The calcu-
lations Eb were performed on the basis of the mod-
i�ed Hrynkiewicz�Królas formula [1]

Eb = −kBTd ln

[(
1+

2c2
c1

)c2
c1

(
1+

2p2
p1

)−1(p2
p1

)−1
]
.

(3)
In the above equation, kB is the Boltzmann con-

stant, Td = 700(11) K denotes the freezing temper-
ature for the atomic distribution in annealed Fe�Rh
alloys, whereas p1 and p2 are probabilities of the ex-
istence of one and two rhodium atoms located in the
�rst coordination shell of the 57Fe probe, given by
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TABLE III

The enthalpy HFe−Rh [eV/atom] of solution of
rhodium in iron.

Miedema's model [18] This work (α-Fe)

HFe−Rh

[eV/atom]
−0.232 −0.164(40)

the binomial distribution. Computed Eb values are
presented in Table II. Positive values of the binding
energy for all studied samples suggest that interac-
tion between two rhodium atoms in the iron matrix
is repulsive.

2.4. Enthalpy of solution of rhodium in iron

In the next step, we found the extrapolated value
of the binding energy Eb for x = 0, using the Eb val-
ues derived from data for the samples with rhodium.
The result is Eb(0) = 0.041(10) eV. The obtained
Eb(0) value was used to computate an enthalpy
HFe−Rh of the solution of Rh in Fe. The calculations
were performed on the basis of the Królas model [15]
for the binding energy according to which

HFe−Rh = −zEb(0)

2
, (4)

where z is the coordination number of the crys-
talline lattice (z = 8 for α-Fe). The result is dis-
played in Table III, together with the value result-
ing from Miedema's model of alloys [18]. According
to the model

HFe−Rh =
2V

2/3
Rh

[
−P (∆φ)2+Q(∆n1/3)2−R

]
(n

−1/3
Fe + n

−1/3
Rh )

,
(5)

where VRh is the atomic volume of Rh, φ is the
electronegativity, n1/3 is the cubic root of the elec-
tron density at the boundary of bulk Wigner�
Seitz cells, and ∆ denotes the di�erences in a
given parameter for Fe and Rh. The coe�cients
P , Q, and R are empirical constants; PNA =
14.1 kJ/(V2 (d.u.)1/3 cm2); Q/P = 9.4 V2/(d.u.)2/3

and R = 0 for alloys of two transition metals; NA is
the Avogadro's number; d.u. is about 4.6×1022 elec-
trons per cm3; φRh = 5.40 V; φFe = 4.93 V; nRh =
5.45 d.u.; nFe = 5.55 d.u.; VRh = 8.3 cm3/mol;
VFe = 7.1 cm3/mol.

3. Conclusions

The results obtained in this study give rise to the
following conclusions.
The obtained values of binding energy between

two rhodium atoms in Fe�Rh alloys suggest that
interaction between rhodium atoms in the studied
materials is repulsive.

The obtained value of enthalpy HFe−Rh of solu-
tion of Rh in α-Fe is 0.164(40) eV/atom and it is
worth noting that the HFe−Rh value calculated us-
ing Miedema's cellular atomic model of alloys is in
good agreement with it. According to our knowl-
edge, this thermodynamic parameter was estimated
experimentally for the �rst time for the Fe�Rh sys-
tem in α (bcc) phase with atomic distributions cor-
responding to a temperature of about 700 K, below
Curie temperature.
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