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Abstract

Iron molybdenum alloys were prepared for the molybdenum concentration range at.% 500 −  by the arc melting
method. X-ray diffraction patterns show single BCC phase for the Mo concentration up to at.% 18  with the
lattice constant increasing upon addition of Mo. Sample with at.% 21  of Mo looks like composed of many BCC
phases differing by the lattice constant. Finally, sample with at.% 50  of Mo looks like being composed of two
BCC phases with various lattice constants and some amount of the non-stoichiometric λ -phase having
symmetry mmc/P 36 . Mössbauer data indicate random solutions up to at.% 12  of Mo with magnetic order at
room temperature. Room temperature paramagnetic phase appears for the sample with at.% 18  of Mo and its
content increases with the increasing concentration of Mo. Traces of magnetically ordered phase (at room
temperature) are seen for the sample with at.% 40  of Mo. Sample with at.% 50  of Mo is paramagnetic at room
temperature. Contributions to the hyperfine field and isomer shift on the iron nuclei have been determined as the
function of the distance between iron nucleus and Mo impurity up to the third co-ordination shell within the
single-phase random solution range. Mo atom as the nearest iron neighbor changes iron hyperfine field by

T 184.− , as the second neighbor makes change by T 302.−  and finally as the third neighbor changes the field by
T 510.+ . Corresponding changes in the isomer shift are as follows: mm/s 0330.− , mm/s 0050.−  and

mm/s 0030.+ . The average hyperfine field and the isomer shift decrease linearly versus Mo concentration at
rates T/at.% 3830.−  and at.%) mm/(s 10 x 065 4−− . , respectively. Hence, addition of Mo increases the electron

density on the iron nucleus at the rate 1-33 (at.%) a.u.electron  10 x 71 −−+ . .
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1. Introduction

Mössbauer spectroscopy is sensitive to the adjacent environment of the resonant atom. In
particular one can see influence of the adjacent impurities on the hyperfine field and isomer
shift of the resonant nucleus [1, 2]. Perturbations to the spin- and charge density on the iron
nucleus due to the impurity located on the regular lattice site of the BCC iron are seen to the
second or sometimes to the third co-ordination shell [3, 4]. Both α -iron and molybdenum
crystallize in the BCC phase with vastly different lattice constants i.e. molybdenum lattice
constant is larger than iron lattice constant. One can randomly dissolve molybdenum on the
regular lattice sites of the α -iron up to about at.% 24 . This limit depends on the cooling rate
from the molten state. For the ground state of the Fe-Mo binary system one can obtain BCC
phases, λ -phase having symmetry mmc/P 36  and the µ -phase of the mR3  symmetry [5].
The latter phase requires prolonged annealing below C 1370 o  to appear. Iron rich BCC
phases are magnetically ordered at room temperature, while remaining phases are
magnetically disordered at room temperature. The Fe-Mo system has been investigated
previously by means of the Mössbauer spectroscopy by Window et al. [6] on the molybdenum
rich side. Marcus and Schwartz [7] and Marcus et al. [8] performed some investigations on
the iron rich side, while Vincze and Campbell [1] investigated single sample on the iron rich
side, i.e., 0.010.99MoFe . More recent work has been concerned with the samples prepared either
by means of the mechanical alloying [9-11] or sintering upon reduction of iron hydroxide
mixed with 42MoOH  [12].

2. Experimental

Samples were prepared by arc melting of the appropriate amounts of the constituent elements
under protective argon atmosphere. Natural iron of the at.%9799 +.  purity and molybdenum
of at.% 9599.  purity were used to make samples. Samples of about g 51.  were prepared by
melting constituents three times to assure ingot homogeneity. Rapid cooling of the samples
from the melt assured random distribution of the molybdenum impurity for low Mo
concentrations. No weight losses were observed during sample preparation, and therefore the
starting composition could be treated as the resulting overall sample composition. X-ray
powder diffraction data were obtained by means of the SIEMENS D5000 diffractometer at
room temperature by using 1,2KαCu −  radiation filtered on the detector side by pyrolytic
graphite monochromator. Data were analyzed by the Rietveld method using the FULLPROF
program [13]. Mössbauer absorbers were prepared as powders embedded in the epoxy disks
with about 2Fe/cm mg 30 . A commercial Co(Rh)57  source was used. Transmission geometry
with the source and absorbers kept at room temperature has been applied. Raw spectra were
collected in 4096 channels in the round-corner triangular mode with the help of the MsAa-3
spectrometer [14, 15]. All spectral shifts are reported versus room temperature total shift in
α -Fe.

3. Data evaluation

Powder X-ray diffraction patterns are collected in Figure 1. Single BCC phase is seen till
at.% 18  of molybdenum with the increasing lattice constant upon addition of molybdenum.

The Vegard law is satisfied very well in the above concentration range with the slope
nm/at.% 10 x )3(13 4−= .dc/da , where c  stands for the Mo concentration and a  for the lattice

constant. The sample with at.% 21  of Mo looks like composed of multiple BCC phases
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having lattice constant varying approximately between nm 3099028930 .. − . The sample with
at.% 50  of Mo looks like being composed of two BCC phases with different lattice constants

and non-stoichiometric λ -phase, the latter having symmetry mmc/P 36 .

Folded Mössbauer spectra were evaluated within the model described previously [4, 16] for
Mo concentrations up to at.% 15 . A transmission integral approximation was used. The model
depends on the following assumptions. It is assumed that Mo impurities are located at random
on the regular iron sites within the BCC structure. Furthermore, it is assumed that
perturbations due to various impurities are additive in the algebraic sense. Those perturbations
depend only on the distance between impurity and the resonant iron nucleus. Hence, one can
define a contribution to the iron hyperfine field sB∆  caused by the impurity in the th-s  co-
ordination shell of the resonant atom, and a corresponding contribution sS∆  to the isomer
shift. The perturbation of the hyperfine field is due to the perturbation of the spin density on
the iron nucleus, while the perturbation of the isomer shift is caused by the corresponding
perturbation of the electron charge density. Subsequent co-ordination shells are taken into
account till the most distant discernible shell σ , i.e., σ ..., ,2 ,1=s . Shells beyond the last shell
taken into account contribute to the remaining hyperfine field )(

0
σB  and spectral shift )(

0
σS .

The average field σ>< B  and average shift σ>< S  could be obtained in straightforward way
within this model. Essential results for 2σ =  (two co-ordination shells taken into account)
and 3σ =  (three co-ordination shells taken into account) models are shown in Table 1. Figure
2 shows spectra fitted within the 3σ =  model. Molybdenum doped samples contain traces of
the iron oxide, and a contribution of this oxide to the spectra has been taken into account
during data processing. The oxide sub-spectrum is described by a doublet, the latter having
total shift mm/s )1(210.+  versus room temperature α -Fe, splitting mm/s )1(310. , and a
contribution to the total absorption cross-section of % )1(92.  averaged over various samples.
On the other hand, Figure 3 shows evolution of the model parameters versus Mo
concentration. Data were independently fitted to the Hesse-Rübartsch model [17, 18] in the
thin absorber approximation and for the distribution of the hyperfine field B . Table 2
summarizes the average field >< B  and the average shift >< S  obtained by this method
versus Mo concentration. Distributions of the hyperfine field obtained by means of the 2σ =
model, 3σ =  model, and by the Hesse-Rübartsch method are shown in Figure 4 for selected
Mo concentrations.

Mössbauer spectra for high molybdenum concentrations are shown in Figure 5. Above-
mentioned random solution model starts to break above at.% 12  of Mo. A paramagnetic phase
appears at at.% 18  of Mo with the content increasing with the increasing Mo concentration.
Traces of the magnetically ordered phase are still seen at at.% 40  of Mo, while the sample
with composition at.% 50  of Mo is purely paramagnetic. Paramagnetic component could be
described by two quadrupole split doublets having relative intensities close to 1:2  – for
details see Table 3. Parameters of this component remain almost constant across varying Mo
concentration except contribution to the overall absorption cross-section. It seems that
paramagnetic iron remains in the local environment (on the mesoscopic scale) similar to the
environment of the λ -phase, the latter having symmetry mmc/P 36 . However this phase has
to be almost completely disordered and with the Mo concentration close to at.% 50  in order
to have 1:2  ratio for the intensity of two doublets originating at two distinctly different
crystallographic sites of the mmc/P 36  structure. A contribution due to oxide has been
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neglected for spectra exhibiting paramagnetic component due to the λ -phase like
environment.

Fig. 1
Powder X-ray diffraction patterns for selected compositions. Inset shows dependence of the
lattice constant upon molybdenum concentration.
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Fig. 2
Mössbauer transmission spectra are shown for various Mo concentrations up to at.% 15 .
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Table 1
Essential results obtained within models with 2σ =  and 3σ = . The last row (bold values) for
each model shows respective averages, where appropriate. The averages have been calculated
for the molybdenum concentration c  ranging from at.% 122− . Symbols σ>< B  and σ>< S
stand for the average field and shift, respectively. Symbols )(

0
σB  and )(

0
σS  denote contributions

to the field and shift due to the atoms beyond the th−σ  co-ordination shell. Symbols 1∆B ,

2∆B  and 3∆B  stand for contributions to the field caused by the molybdenum atom located as
the first, second and third neighbor, respectively. Symbols 1∆S , 2∆S  and 3∆S  denote
corresponding contributions to shift.

c
(at.%)

10.±

σ>< B
(T)

020.±

)(
0
σB

(T)
020.±

1∆B
(T)

030.±

2∆B
(T)

020.±

3∆B
(T)

030.±

σ>< S
(mm/s)

0020.±

)(
0
σS

(mm/s)
0020.±

1∆S
(mm/s)

0030.±

2∆S
(mm/s)

0020.±

3∆S
(mm/s)

0020.±
0 32.95 0

2σ =
2 32.23 33.18 -4.06 -2.47 0 0.005 -0.030 -0.004
4 31.49 33.39 -4.13 -2.41 -0.001 0.012 -0.034 -0.009
6 30.67 33.53 -4.15 -2.40 -0.004 0.016 -0.032 -0.012
8 29.90 33.66 -4.11 -2.35 -0.007 0.019 -0.031 -0.012

10 29.43 33.77 -4.15 -1.70 -0.001 0.026 -0.031 -0.004
12 28.48 33.64 -4.10 -1.70 -0.003 0.030 -0.031 -0.004
15 27.56 33.72 -4.01 -1.50 -0.008 0.027 -0.026 -0.004

-4.12 -2.20 -0.032 -0.008
3σ =

2 32.24 33.08 -4.10 -2.53 0.49 0.001 0.005 -0.030 -0.004 0.004
4 31.48 33.17 -4.18 -2.45 0.49 -0.001 0.011 -0.035 -0.007 0.001
6 30.68 33.20 -4.23 -2.39 0.51 -0.003 0.015 -0.033 -0.009 0.002
8 29.92 33.22 -4.22 -2.27 0.51 -0.005 0.015 -0.033 -0.007 0.005

10 29.20 33.15 -4.19 -2.03 0.52 -0.004 0.021 -0.033 -0.002 0.002
12 28.21 32.90 -4.14 -2.07 0.54 -0.007 0.023 -0.034 -0.002 0.003
15 27.53 32.94 -4.02 -1.57 0.46 -0.008 0.018 -0.028 0.000 0.004

-4.18 -2.30 +0.51 -0.033 -0.005 +0.003

Table 2
Average hyperfine field >< B  and spectral shift >< S  (of the magnetic component) obtained
by means of the Hesse-Rübartsch method versus molybdenum concentration for all samples
with significant magnetic component.

c
(at.%)

10.±

>< B
(T)

020.±

>< S
(mm/s)

0020.±
0 32.99 0
2 32.23 -0.002
4 31.58 -0.003
6 30.82 -0.004
8 30.14 -0.005

10 29.36 -0.005
12 28.43 -0.006
15 27.65 -0.009
18 27.19 -0.005
21 28.53 0.003
25 28.92 0.003
30 28.62 0.005
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Fig. 3
Parameters of 2σ =  and 3σ =  models plotted versus molybdenum concentration. The
average field σ>< B  and the average isomer shift σ>< S  are shown for 3σ =  model. Straight
lines are obtained including data for the molybdenum concentration up to at.% 12 . The
symbol ρ  stands for the average electron density on the iron nucleus, while the symbol Feρ
denotes corresponding electron density in the pure α -Fe.

Fig. 4
Hyperfine field B  distribution within: 2σ = , 3σ =  and Hesse-Rübartsch models plotted for
selected molybdenum concentrations.
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Fig. 5
Mössbauer transmission spectra are shown for high Mo concentrations.

Table 3
Mössbauer parameters of the paramagnetic phase. The symbol A  denotes contribution of this
phase to the total spectrum, symbols 1A  and 2A  stand for relative contributions of two
doublets, while symbols 1S  and 2S  denote total shifts (versus room temperature Feα − ) of
these doublets, respectively. Finally, symbols 1∆  and 2∆  stand for corresponding splittings of
the doublets.

Doublet 1 Doublet 2c
(at.%)

10.±

A
(%)

01.±
1S

(mm/s)
010.±

1∆
(mm/s)

010.±

1A
(%)

01.±

2S
(mm/s)

010.±

2∆
(mm/s)

010.±

2A
(%)

01.±
18 14 -0.22(2) 0.27(3) 59(6) -0.02(2) 0.44(3) 41(5)
21 32 -0.23 0.28 72 -0.02 0.46 28
25 37 -0.23 0.29 70 -0.03 0.41 30
30 47 -0.23 0.29 68 -0.03 0.44 32
40 89 -0.25 0.29 76 -0.05 0.38 24
50 100 -0.23 0.29 69 -0.05 0.35 31
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4. Discussion of results

The 3σ =  model gives somewhat better results than the 2σ =  model, as absolute values of

derivatives expressed as |
c

B|
∂

∂ σ)(
0  and |

c
S|
∂

∂ σ)(
0  are smaller for 3σ =  than for 2σ =  (see Figure

3). The average hyperfine field decreases linearly versus increasing molybdenum
concentration with the slope T/at.% 3830.− . The isomer shift is almost constant with the
slope at.%) mm/(s 10 x 065 4−− . . Hence, one can conclude that addition of molybdenum
slightly enhances the electron density ρ  on the iron nucleus at the rate

1-33 (at.%) a.u.electron  10 x 71ρ −−+=∂∂ .c/  [19]. A very small variation of the average isomer
shift with the molybdenum concentration is due to the compensation of the decreased electron
density caused by the lattice expansion and addition of electrons to the conduction band by
the molybdenum impurity. The average electron spin density on the iron nucleus is decreased
by addition of molybdenum. Therefore, the average spin density transferred from the
neighborhood of the iron atom is increasing with increasing molybdenum concentration. This
is very strong effect considering addition of d impurities like 4d molybdenum. Tungsten has
slightly stronger effect being however 5d impurity [20].
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