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Mössbauer spectroscopy study of the MnFeP1−xAsx system
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Abstract. A systematic study of MnFeP1−xAsx (0.20 6 x 6 0.50) solid solutions was
undertaken by57Fe Mössbauer spectroscopy. The results confirm previous magnetization and
neutron diffraction measurements. In the concentration rangex > 0.30, in which the compounds
are ferromagnetic, large hyperfine fields agree with the Mn and Fe moment values. In contrast,
smaller average fields are measured at low temperature in the antiferromagnetic state(x 6 0.26)
from broadened M̈ossbauer spectra. The latter results are consistent both with the reduced value
of the Fe moment and with the non-collinearity of the Fe and Mn moments. The magneto-elastic
ferromagnetic⇔ antiferromagnetic transition has been clearly demonstrated forx = 0.275 and
x = 0.30.

1. Introduction

Crystal structures and magnetic properties of ternary phosphides and arsenides MM′X (M
and M′ = transition metals; X= P, As) have already been studied intensively. A few
parameters, governing their behaviour with temperature, pressure and the nature of the
alloyed elements, have been discussed in [1, 2]. Detailed magnetic studies have been
undertaken, particularly by using neutron diffraction [3, 4] and Mössbauer spectroscopy
[5–13]. Theoretical predictions of the iron magnetic polarization at different crystal sites
have been deduced from electronic structure calculations [7, 8, 14, 15].

More recently our attention was focused on MnFeP1−xAsx solid solutions. In the
range of composition 0.15 6 x 6 0.66 they crystallize with the hexagonal Fe2P type
structure. A magneto-elastic transition was found to be associated with a modification from
a ferromagnetic to an antiferromagnetic type of magnetic ordering [16]. This transformation
is markedly field-sensitive; it was shown to correspond to changes in the magnetic moments
of iron atoms and to modifications in the magnetic exchange couplings [17, 18]. Hereafter
we report on detailed investigations undertaken by57Fe Mössbauer spectroscopy.
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2. Experimental

Powdered samples withx = 0.20, 0.26, 0.275, 0.30 and 0.50 were synthesized by heating
appropriate mixtures of MnFeP and MnFeAs at 950◦C in evacuated silica tubes for a few
days. After 2 days of subsequent treatment at 750◦C, the samples were air-cooled to room
temperature. Finally, the samples were checked by x-ray diffraction [16]. In addition, a
hexagonal FeMnAs sample was prepared under high pressure (30 kbar).

57Fe Mössbauer spectra were recorded between 80 K and room temperature in
transmission geometry using a constant-acceleration-mode spectrometer. A57Co source
embedded in a Rh matrix, with a strength of≈ 15 mCi was used. The iron M̈ossbauer
spectra were analysed either by using a least-squares fitting program assuming Lorentzian
peaks or by using a method that considers hyperfine field distributionsP(H) for the
experimental spectra [19]. As is usually done, the57Fe isomer shifts are relative toα-
Fe at room temperature and peaks of a given sextuplet are labelled from 1 to 6, from
negative to positive velocities respectively.

3. Crystal and magnetic structures

The MnFeP1−xAsx compounds with 0.15 6 x 6 0.66 crystallize with the Fe2P-type structure
(space groupP 62m). No preferential atom ordering between P and As on the 1(b) and
2(c) sites is observed. Iron atoms are almost exclusively located in the 3(f) tetrahedral
sites (namely with coordination number CN(P, As) = 4) and manganese atoms in the 3(g)
pyramidal sites(CN(P, As) = 5). A very slight deviation (6 6%) from complete metal
ordering is detected [17]. Thex dependences of cell parameters and of reduced atomic
coordinates are reported in the latter reference.

The magnetic phase diagram of the MnFeP1−xAsx system is represented in figure 1
[16]. Three types of magnetic transitions are observed according tox: ferro–paramagnetic
for ≈ 0.30 6 x 6 0.66, antiferro–paramagnetic for≈ 0.15 6 x 6 ≈ 0.26 and
ferro–antiferromagnetic transition followed by an antiferro–paramagnetic transition for
≈ 0.26 6 x 6 ≈ 0.30.

The aforementioned magnetic structures have been determined by neutron diffraction
[17]. In the ferromagnetic state, the easy axis lies in the (a, c) plane. For thex = 0.5
sample, the moments are all directed along thec axis whereas, for thex = 0.3 compound,
the moment direction deviates from thec axis byβ ≈ 50◦. In both samples the saturation
moments areµ(Mn) ≈ 2.6µB and µ(Fe) ≈ 1.2µB . The antiferromagnetic long-period
ordering (Q = (0, qy, 0)) is characterized by a helical configuration of the Mn moments
within the (a, c) plane. The Fe moments are directed along thec direction, oscillating
in amplitude along the propagation directionb∗. At T = 1.45 K, the Mn moment is
2.4µB , qy = 0.35 and the maximum value of the sinusoidal amplitude of the Fe moment is
0.45µB for MnFeP0.80As0.20. Figure 2 shows schematized representations of the long-range
magnetic structure forqy = 1

3.

4. The paramagnetic state

At 295 K, Mössbauer spectra of the MnFeP1−xAsx hexagonal solid solution (0.2 6 x 6 0.5)
consist mainly in an intense but slightly broadened absorption line (figure 3). A similar
‘one-line’-like spectrum is also observed for orthorhombic MnFeP and hexagonal MnFeAs
compounds. Moreover, a very weak extra line is also seen for all samples on the positive



Magneto-elastic and magnetic properties of MnFeP1−xAsx 8655

Figure 1. The magnetic phase diagram of the MnFeP1−xAsx system.

side of the velocity scale. According to the neutron diffraction study (section 3), the two
sets of lines can be attributed without ambiguity to the tetrahedral site for the main spectral
component and to the pyramidal site for the weak one. On average,≈ 5% of the pyramidal
sites are occupied by Fe atoms. Because this latter component is too weak to be calculated
safely, we will not discuss its hyperfine parameters further. Only slight changes of the isomer
shift δ and of the quadrupole splitting1 occur whenx (the As concentration) increases. For
the tetrahedral site,δt = 0.33± 0.02 mm s−1 when 0.20 6 x 6 0.30 (0.39± 0.01 mm s−1

for x = 0.50) and1t = 0.16 ± 0.01 mm s−1. Although clear differences exist between
hyperfine parameters of57Fe in tetrahedral sites in various compounds with orthorhombic,
hexagonal or tetragonal structures, general features such as similar and small1t values
(table 1) are maintained. It is worth mentioning that the main central doublet in metastable
hexagonal FeMnAs, associated with the tetrahedral site, yieldsδt = 0.47±0.02 mm s−1 and
1t = 0.18± 0.01 mm s−1. Weaker lines (figure 3) on the low-velocity side are associated
with tetragonal FeMnAs, the equilibrium form at ambient pressure.

Table 1. Comparison of quadrupole splittings of57Fe in tetrahedral sites of various compounds.

Compounds 1t(mm s−1) References

Hexagonal Fe2P 0.10(1) [4]
Tetragonal Fe2As 0.13(1) [13]
Hexagonal FeMnAs 0.18(1) This work
Hexagonal MnFeP1−xAsx 0.16(1) This work

We conclude that the almost perfect occupancy of tetrahedral sites (≈ 95%) deduced
from Mössbauer spectra agrees with diffraction results and with the general rules previously
established for such compounds [1]. Moreover, the small1t values will allow us to simplify
the analyses of M̈ossbauer spectra recorded in the magnetic state by justifying the use of
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Figure 2. A schematic representation of the antiferromagnetic structure of MnFeP0.8As0.2 for
qy = 1

3 (see the text): (a) Mn (open circles) and Fe (crosses) atomic positions in the magnetic
cell (a, 3b, c), (b) a representation at a common origin of Mn moments in the (a, c) plane
(c) a representation along theb∗ direction of the Fe moments. The moments are parallel to
the c axis. Becauseqy = 1

3 , the largest moment values(4, 5, 6) are twice the smallest ones
(4′, 5′, 6′, 4′′, 5′′, 6′′).

first-order perturbation theory:1 � |g3/2H |, whereH is the hyperfine field andg3/2 the
nuclearg factor for the excited state.

5. The ferromagnetic state

The compounds withx = 0.275, 0.3 and 0.5 are ferromagnetic (F) at 80 K yielding
Mössbauer spectra composed of six broadened lines (figure 4(a)). Line broadening
decreases from outer to inner lines:01,6 = 0.58 mm s−1, 02,5 = 0.45 mm s−1 and
03,4 = 0.36 mm s−1. There exists thus a distribution of sextuplets which is not expected
on the basis of the ferromagnetic structure. However, there is a distribution of As and P
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Figure 3. 57Fe room-temperature M̈ossbauer spectra of orthorhombic FeMnP, of hexagonal
MnFeP1−xAsx solid solutions (x = 0.2, 0.26, 0.275, 0.3 and 0.5) and of hexagonal MnFeAs
metastable at ambient pressure.

environments for Fet atoms. Assuming a random distribution of As and P on the metalloid
sites, we obtain the probabilityp(n) for an iron atom to haven As and(4−n) P neighbours:

p(n) = Cn
4xn(1 − x)4−n. (1)

Table 2 gives a comparison between the calculated values ofp(n) (equation (1)) and
the fitted values forx = 0.5. The agreement is fair. Because the line broadening is not
too strong, however, we found it more interesting and reliable to fit the spectra also by
constraining the intensities of the five sub-spectra according to equation (1). A reasonable
and consistent picture emerges from such calculations.

(i) The isomer shifts are approximately the same for all sites with a maximum
difference less than≈ 0.03 mm s−1. The average isomer shifts are 0.48(2), 0.48(2) and
0.51(2) mm s−1 for x = 0.275, 0.3 and 0.5 respectively.
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Figure 4. 57Fe Mössbauer spectra at 80 K of (a) hexagonal MnFeP1−xAsx solid solutions
(x = 0.2, 0.26, 0.275, 0.3 and 0.5) and (b) high-pressure hexagonal MnFeAs.

(ii) Whatever the fitting conditions (one sextuplet, five sextuplets or a hyperfine field
distribution), a non-zero quadrupolar shift 2ε, almost identical for all sub-spectra, is found
from line positionsVi to be

2ε = [(V6 − V5) − (V2 − V1)]/2 = −0.08(2) mm s−1.

(iii) The five fields are observed to be regularly spaced with a step of about≈ 14 kG
(table 2). The mean field〈H 〉F is about 185(1) kG at 80 K.



Magneto-elastic and magnetic properties of MnFeP1−xAsx 8659

Table 2. Mössbauer parameters atT = 80 K for MnFeP0.5As0.5.

Non-metal Calculated H (kG)
n neighbourhood of Fe p(n) Intensity H (kG) constrained fit

4 0P, 4As 0.0625 0.09 150 150
3 1P, 3As 0.25 0.21 170 172
2 2P, 2As 0.375 0.34 184 186
1 3P, 1As 0.25 0.22 195 199
0 4P, 0As 0.0625 0.13 207 212

Because the point symmetry at the tetrahedral iron site ismm, one of the principal axes
of the electric field gradient (EFG) tensor is parallel to thec axis while a second axis is
parallel to thea axis, the third one being obviously perpendicular both toa and toc. It
is not knowna priori which one is theVzz axis and neither is the value of the asymmetry
parameterη known. According to Ẅappling et al [6], η would be of the order of 0.1–0.3
for Fe2P. The quadrupole splitting (1) is known to be almost constant when temperature
decreases below room temperature in such compounds. It is even approximately constant in
the range 0–800 K for Fet in Fe2P [6]. When first-order perturbation holds, the quadrupolar
shift (2ε) is related to the electric field gradientVZZ by

2ε = [(eQVZZ)/2][3 cos2 θ − 1 + η sin2 θ cos(2φ)] (2)

whereQ is the nuclear quadrupole moment of the excited state. In the paramagnetic state
only the quadrupole splitting1, given by

1 =
∣∣∣∣eQVZZ

2

∣∣∣∣ (1 + η2/3)1/2

is measured.
In the present case, the first-order expression (equation (2)) is valid because1(=

0.16 mm s−1) � |g3/2〈H 〉F |(= 1.25 mm s−1). The anglesθ andφ are the polar angles of
the hyperfine field direction in the frame of the EFG tensor principal axes. The magnetic
moments are known to be parallel to thec axis for x = 0.50. The angleθ is thus either
0 or 90◦. For θ = 0, we should observe 2ε = 0.16(1) mm s−1 (section 4) instead of the
measured value−0.08(2) mm s−1. The angleθ is therefore 90◦, that isVzz lies in the basal
plane and 2ε ≈ 0.16(−0.5+ 0.5η cos(2φ)). Becauseφ is either 0 or 90◦, we conclude that
η is close to zero, as it is in Fe2P for the same type of Fe site. Finally, the values of 2ε are
almost identical forx = 0.30 and 0.50. A deviation of the easy direction from thec axis
as large as 50◦ [17] thus seems difficult to reconcile with the value 2ε = −0.08 mm s−1.
Moreover, according to the hexagonal symmetry of the unit cell, there exist three different
frames of EFG principal axes which would yield three different values of 2ε for collinear
fields. The angleθ is about 90◦ for all Fe atoms only if the spin direction is close to the
direction of thec axis.

The effect of the As for P substitution on the Fe hyperfine field can be deduced from the
concentration-dependence of the intensities of the various sub-spectra. Before discussing
that point, it is worthwhile mentioning that the contribution of Fe atoms on pyramidal sites
(Fep ≈ 5%, section 4) cannot be reliably retrieved from the experimental broadened spectra.
Moreover, the Fep contribution is probably also split into six sub-spectra related to the
distribution of non-metal environments around Fep atoms (n As, (5 − n) P, n = 0, . . . , 5).
The pyramidal contribution is therefore neglected in the present discussion because the
global understanding comes from sites which have a relative weight much larger than 5%.



8660 B Malaman et al

For x = 0.275 and 0.30, only four sub-spectra contribute significantly to the total spectrum
as p(4) < 0.01. For x = 0.50, the most intense sextuplet is consistently attributed to a
(2As, 2P) environment of Fet atoms. The fact that a component with a field of 150 kG
is no longer observed forx = 0.30 suggests that one should attribute that field to a (4As,
0P) metalloid environment of Fet atoms. In ferromagnetic hexagonal MnFeAs (figure 4(b))
the most probable fieldH = 158 kG seems to reinforce the latter assumption. It would
be desirable to show further that the iron magnetic moments are comparable in the two
structures. It seems, however, reasonable to conclude that the hyperfine field decreases
with the numbern of As neighbours of Fet atoms. If we further assume that the field
H(nAs, (4 − n)P) = H(n) is given by:

H(n) = H(0) − n1H (3)

then we deduce from equations (1) and (3) that the mean field is〈H 〉F = H(0) − 4x1H ,
whereas the standard deviation isσH = |1H |[4x(1 − x)]1/2. The values of〈H 〉F
and of σH obtained from fittings of spectra forx = 0.275, 0.3 and 0.5 yield1H =
14(1) kG andH(0) = 210(8) kG.

The fieldH(0) would therefore be much larger than the field of Fet atoms surrounded
by four phosphorus atoms in hexagonal Fe2P: H(0) = 109(1) kG at 80 K [6]. To know
the origin of such a difference, we notice that the Fet magnetic moment is close to 1µB

at 80 K in Fe2P whereas it is 1.48µB at 200 K in FeMnP0.5As0.5 [17]. Moreover, a Mn
moment of 2.02µB has also been measured in the latter compound [17]. To estimate a
value of the Fe moment either from〈H 〉F or from H(0), we use a factor of proportionality
142 kG/µB deduced by Eriksson and Svane [14] from a thorough theoretical investigation of
magnetic hyperfine fields in various compounds. The hyperfine field of Fet in Fe2P follows
the general trend [14]. In contrast, the hyperfine field of Fep deviates significantly from the
overall linear relation [14]. That anomalous behaviour originates from the polarization of
the iron 4s valence electrons which are polarized parallel rather than antiparallel to the iron
d moment [14]. Severinet al [8] used the latter model successfully in Fe2P1−xSix . The
iron moment is deduced to be 1.3µB and 1.5µB from 〈H 〉F and H(0) respectively. The
excellent agreement with the neutron diffraction value [17],µFe = 1.48µB , may be partly
fortuitous insofar as we have ignored the fact that the larger Mn moment,µMn = 2.02µB

[17], also gives a contribution to the total field. A semi-empirical model which includes
such moments will be discussed in section 6.

In conclusion, the relative field change1H/〈H 〉F ∼= 0.07 is quite comparable to the
change (≈ 0.07) of iron fields in Fe-rich alloys with a variety of elements. Its magnitude
1H = 14 kG, which is much less than1H(Fe alloys) ≈ 23 kG, renders the spectra more
difficult to fit. In spite of such difficulties, a consistent picture emerges: the replacement of
a P atom by an As atom decreases the field of their Fet neighbours by about 14 kG. The
average field of Fet atoms in the ferromagnetic state is 185 kG at 80 K. An extrapolated
value of 200 kG at 0 K is obtained from experiments described in the next section. The
much larger value ofH for Fet atoms in hexagonal FeMnP1−xAsx compared withH in
hexagonal Fe2P is related to the enhanced Fet moment and to the large Mn moment (see
also section 6).

6. The antiferromagnetic state

Mössbauer spectra have been recorded at 80 K forx = 0.20 and 0.26 (figure 4(a)). The
ferromagnetic–antiferromagnetic transition which occurs forx = 0.275 and 0.30 atT > 130
and> 170 K respectively (figure 1) has also been investigated. Figure 4(a) shows strong
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differences between M̈ossbauer spectra of ferromagnetic (F) and antiferromagnetic (AF)
FeMnP1−xAsx at 80 K. A magnetic hyperfine field distribution (HFD) with a strongly
reduced mean field compared with the field value in the ferromagnetic state is clearly
visible. Figure 5 shows two typical HFDs at 80 K calculated with a constrained Hesse–
Rübastsch method [19] both in F and in AF states. A slight asymmetry of the AF spectra
was accounted for in terms of a linear relation between the isomer shiftδ and the fieldH
with a slope of 9×10−4 kG mm−1 s. Good fits can be obtained only for a zero quadrupolar
shift (2ε). As detailed in section 5, the pyramidal contribution hidden within the broad
hyperfine field distribution has been neglected.

Figure 5. Magnetic hyperfine field distributions calculated from57Fe Mössbauer spectra at 80 K
of the ferromagnetic MnFeP0.725As0.275 and of the antiferromagnetic MnFeP0.80As0.20.

The average hyperfine field is〈H 〉AF = 90(1) kG and the standard deviation is
σH = 〈(H − 〈H 〉AF )2〉1/2 = 28(1) kG whereasP(H) is maximum for H = 95 kG.
The mean field in the AF state is therefore half that in the F state atT 6 80 K (figure 5).
The decrease in the Fe moment alone cannot explain the latter result: the mean field〈H 〉AF

is not proportional to the iron moment alone with a reasonable value of the proportionality
constant, as for the F state (≈ 146 kG/µB). In the incommensurate AF state, the Fe moment
µAF is directed along thec axis and it oscillates in amplitude (see figure 2) [17]. A Fe
field HAF = AµAF with µAF = µ0 sinθ would yield [20] the following.

(i) A hyperfine field distributionP(H) ∝ (H 2
0 − H 2)−1/2 with H0 = Aµ0, with a mean

field 〈HAF 〉 = 2H0/π andσH = H0(
1
2 − 4/π2)1/2, that isσH/〈HAF 〉 ≈ 0.48,

(ii) a quadrupolar shift 2ε = −0.08 mm s−1 becauseθ = 90◦ (see section 4) whatever
the field.

None of these conclusions agree with experiment:σH/〈HAF 〉is 0.31 (2) andε = 0. The
mean field〈HAF 〉 would moreover be 42 kG, forA = 146 kG/µB andµ0 = 0.45µB [17],
instead of 90 kG.

There are two main reasons for such discrepancies:
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(i) the Mn magnetic moments are not collinear with the Fe magnetic moments [17]
(figure 2) and

(ii) µMn = 2.4µB is much larger thanµFe [17].

A semi-empirical model which has been successfully applied to various intermetallic
or semi-metallic compounds will be used to account for the observed HFD. The hyperfine
field H will be assumed to be the vector sum of contributions [21] which are

(i) collinear with the moment of the iron atom itselfµFe(0) and
(ii) collinear with the moments of its first Mn and Fe neighbours: two Fet at

2.67 Å (µFe(1)), two Mnp at 2.69 Å(µMn(1)) and four Mnp at 2.81 Å(µMn(2)), with the
associated proportionality constantsa, b1, c1 andc2 respectively:

HAF = aµFe(0) + 2b1µFe(1) + 2c1µMn(1) + 4c2µMn(2). (4)

To simplify the calculation, we consider the commensurate AF structure with a propagation
vectorQ = [0, qy, 0] [17] with qy = 1

3, the value which is obtained forx = 0.20 (figure 2).
Three differentµFe vectors are found in such an AF structure: one equal toµFe = 0.45k
and two equal to−0.225k, wherek is a unit vector parallel toc.

The Mn moments are arranged in an helical configuration which propagates in a direction
perpendicular to the (a, c) plane. Because they are not collinear to the Fe moments, the total
fields make different angles with theVzz axis of the corresponding Fe atoms. That explains
the averaging of the quadrupolar shiftε to 0. When all possible configurations are taken
into account, a field distribution with five peaks is obtained. In all casesµFe(1) = µFe(0)

and the respective weightings of the five fields are2
9 except for one field, for which the

weighting is 1
9. Finally, the latter field distribution is convoluted with a Gauss distribution

of standard deviationσ to represent the effect of the distribution of As–P environments of
every Fe atom. The valueσ = 14 kG has been obtained from good fits of the Mössbauer
spectra with hyperfine field distributions in the ferromagnetic state at 80 K (figure 5). The
HFDs so obtained are indeed very close to Gauss distributions. The final step consists of
comparing the HFD calculated in that way to the experimental HFD forx = 0.2 at 80 K.
At most, three parametersA = a + 2b1, c1 andc2 may be varied.

Figure 6 shows the best agreement obtained with the assumptionc1 = c2. Some
features of the experimental distribution are correctly reproduced. A much better agreement
is obtained forc1 > c2 (figure 6). The parametersc1 and c2 are not very sensitive to the
value of A which may be taken here asA = 52(10) kG/µB with c1 = 10.6(2) kG/µB

and c2 = 6.0(5). If such constants are used, fields of 133 and 178 kG are calculated at
80 K for ferromagnetic Fe2P (µFet = 0.98µB , µFep = 1.82µB) as derived from [5] and
for ferromagnetic FeMnP0.7As0.3 (µFe = 1µB , µMn = 2.8µB at 100 K [17]), respectively.
The calculated fields are in very reasonable agreement with the observed ones namely
109 and 180 kG, respectively. It seems difficult to relate the various contributions of the
semi-empirical model used here to the more global contributions calculated in theoretical
electronic structure calculations. Moreover, the semi-empirical model used in this section is
made simpler when chosingqy = 1

3, that is exactly the value corresponding to the studied
compositions. We nevertheless expectb1 to be of the opposite sign ofa (4) whose magnitude
is known to be much larger than 50 kG/µB . In any case, hyperfine fields which are not
collinear with the Fe moments are clearly needed to explain the experimental results. That
conclusion may be helpful for eventual future theoretical calculations in such hexagonal
solid solutions. The results of M̈ossbauer spectroscopy are thus completely consistent with
neutron diffraction conclusions about the non-collinear AF structure and the strong reduction
of the Fe moment in the AF state compared with the F state.
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Figure 6. A comparison between the experimental hyperfine field distribution (crosses) in
the antiferromagnetic MnFeP0.80As0.20 at 80 K and the distributions calculated with the model
described in section 6 (equation (4)):A = a+2b1 = 52.5 kG,c1 = c2 = 7.5 kG andσ = 14 kG
(chain line) andA = 52.5 kG, c1 = 10.6 kG, c2 = 6 kG, σ = 14 kG (full line).

7. A study of the magneto-elastic transition

Mössbauer spectra have been recorded forx = 0.275 and for 0.30 in temperature ranges
in which the magneto-elastic F→ AF transition occurs [16, 17] (see also figure 1). The
latter transition is clearly observed in both cases (figure 7). Mössbauer spectra have been
calculated with hyperfine field distributions. The characteristics found for every magnetic
phase which are described in sections 5 and 6 were taken into account in the fitting method.
Very good fits are obtained on the whole. Figure 7 shows that there exists a temperature
range within which F and AF phases coexist. From theP(H) distributions, it is possible to
calculate the temperature-dependence of the fractionαF of iron atoms in the ferromagnetic
phase (figure 8) and to draw the following conclusions.

(i) The pure AF domains have widths of about 20 K . The AF domain starts at 160 K
for x = 0.275 (TN = 192(1) K) and at 180 K forx = 0.30(TN = 196(1) K). Such
a composition-dependence agrees with the magnetic measurement results [16] (see also
figure 1).

(ii) F and AF phases coexist between about 140 and 160 K forx = 0.275 and between
about 165 and 180 K forx = 0.3. The lower limits of the coexistence domain have been
estimated from linear fits to theαF (T ) curves in the temperature range within which it
changes abruptly (figure 8). We cannot exclude that small amounts of the AF phase still
contribute to the M̈ossbauer spectra at lower temperatures.

Figure 9 shows the hyperfine fields as a function of temperature in MnFeP0.725As0.275.
The F–AF transition and the F–AF coexistence domain are clearly seen. The extrapolation
of 〈H 〉F to T = 0 K gives a field of 200(2) kG for bothx = 0.275 and 0.30.

The question of the very existence of such a mixed domain is relevant. In a system
which would show an abrupt transition between the F and AF states, a smooth transition
would be observed as a result of temperature fluctuations during the recording of Mössbauer
spectra. In the presence of Gaussian fluctuations of width1T , a transition width of at most
41T is expected. The reported widths of about 20 K are much too large to be accounted
for by temperature fluctuations of at worst1T = 2 K. We conclude that F and AF regions
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Figure 7. Temperature-dependences of57Fe Mössbauer spectra of hexagonal MnFeP1−xAsx in
the range of the ferromagnetic–antiferromagnetic transition: (a)x = 0.275 and (b)x = 0.30.

actually coexist in the samples investigated here. Because the AF–F transition temperature
strongly depends on concentration, small concentration fluctuations may account for the
observed coexistence domain.

8. Discussion and conclusion

57Fe Mössbauer spectra of hexagonal MnFeP1−xAsx (0.20 6 x 6 0.50) are in fairly good
agreement with magnetization and neutron diffraction measurements. Mössbauer spectra
in the paramagnetic state confirm that Fe atoms are located almost exclusively at the
tetrahedral sites. As expected from previous magnetic studies, three different types of
magnetic transition are observed when the As content increases: AF→ paramagnetic (P),
F → AF → P and F→ P.

In the ferromagnetic range (x > 0.30), large average hyperfine fields (200 kG at 0 K)
agree well with the Mn and Fe moment values deduced from neutron diffraction data. The
hyperfine field direction, which is found to be parallel to thec axis whateverx is, shows,
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Figure 8. The temperature dependence of the fractionαF of iron atoms in the ferromagnetic
state of MnFeP0.70As0.30 (full squares) and of MnFeP0.725As0.275 (full circles).

Figure 9. The temperature dependence of the iron hyperfine field both in the ferromagnetic
(empty circles) and in the antiferromagnetic (full circles) states of MnFeP0.725As0.275.

however, that the moment direction does not tilt from thec axis by about 50◦ as deduced
from the neutron study. Moreover, the substitution of one P neighbour of an Fe atom by
an As atom decreases the Fe hyperfine field by about 14 kG at 80 K. A complementary
neutron diffraction study of hexagonal MnFeAs is in progress.

In contrast, smaller average hyperfine fields (about 90 kG at 80 K) are measured in the
antiferromagnetic state (x 6 0.26). Moreover, only hyperfine field distributions can explain
the broadening of M̈ossbauer spectra. A model which considers solely the contribution of
the collinear Fe moments fails to account for the observed fields: the non-collinear Mn
moments contribute to the Fe hyperfine fields. Thus, the Mössbauer characteristics agree
with the reduced value of the Fe magnetic moment and with the non-collinearity of the Fe
and Mn moments deduced from the magnetic structure.
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The magneto-elastic transition has been clearly demonstrated forx = 0.275 and 0.30.
In both samples, F and AF regions coexist in a temperature range of about 20 K above
140 and 165 K respectively. Due to the strong dependence of the F→ AF transition
temperature onx, this coexistence of phases may be explained in terms of small fluctuations
of concentration in the studied samples. Above 160 and 180 K, only an AF structure is
observed up toTN = 192 and 196 K forx = 0.275 and 0.30 respectively.

In this series, iron is well suited as a probe to check local magnetic and electronic
characteristics of the d band. Manganese almost exclusively occupies pyramidal sites. In
contrast, iron atom occupies the tetrahedral ones, which appear the most ‘sensitive’ site
in terms of metal-to-metal distances. A perfectly random As to P substitution withx was
found in the MnFeP1−xAsx solid solution. So, no preferential M–X bond (M= Mn, Fe;
X = P, As) is formed. In such terms, bearing their iso-electronic p states in mind, the
observed transformations are, to a first approximation, only volume-dependent. Hence, the
substitution of a P atom by an As atom corresponds to a ‘chemical pressure effect’ with a
net decrease in the hyperfine field (14 kG) of the iron atoms in the tetrahedral site.

In a previous paper [17], it was found that, in the MnFeP1−xAsx series, Fe–Fe and
Mn–Fe distances change abruptly at the AF/F transition which occurs as a function of
x and T in the way shown by figure 1 (see also section 7). These variations affect
principally the Fe–Fe nearest neighbours distances and the two shortest Mn–Fe distances
which exhibit an increase and a decrease of≈ 4% at the AF→ F transition, respectively.
The Fe–Fe distances are≈ 2.64 and 2.72Å whereas the Mn–Fe distances are≈ 2.67 and
2.58 Å, in the AF and F states, respectively (see table 4 of [17]). Simultaneously, the iron
magnetic moment increases from less than 0.4µB to more than 1.1µB as the result of a
more localized density of states. A d electron re-distribution is demonstrated convincingly
by magnetization, neutron diffraction and57Fe Mössbauer spectroscopy measurements. On
the P-rich side (the AF state), there results: (i) an increase in the iron band width with a
reduced d moment (namely a weaker ferromagnetic character), (ii) a depletion of the density
of states at the Fermi level favouring antiferromagnetic correlations, (iii) a reinforcement
of the magnetocrystalline anisotropy at the tetrahedral site (as shown by the magnetization
measurements and the occurrence of a sine spin wave modulation) via a spin–orbit type
mechanism. The resulting long-range magnetic polarization state appears markedly field-
dependent. Band structure calculations are now in progress to verify these assumptions
[22].
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[9] Grandjean F, Ǵerard A and Sobry R 1973Int. J. Magn.4 1
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