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Abstract

Extended x-ray absorption fine structure measurements at the Mn K absorption
edge on MnAs in the temperature range between 250 and 500 K are reported.
The temperature dependence of the interatomic Mn—Mn and Mn—As distances
is in accordance with the lattice parameter behaviour reported by previous
diffraction studies. The Debye—Waller factors of the Mn—Mn and Mn—As
first sub-shells are both characterized by an anomaly near the first-order
magnetostructural transition at 7¢. This critical behaviour is superimposed on
a temperature dependence well described by a correlated Debye model and is
analysed in terms of a cusp-shaped anomaly strictly related to a critical lowering
in the phonon frequencies.

1. Introduction

Manganese monoarsenide (MnAs) is a ferromagnetic compound extensively studied during
the last century, which has recently received new attention since it shows properties potentially
important for a variety of magnetic [1] and magnetoelectronic [2] applications. Moreover,
great interest in this compound arose again as a consequence of the analogies between
its behaviour and that of the manganese oxide perovskites [3, 4]. MnAs is ferromagnetic
with hexagonal NiAs-type structure (B8;) at low temperature and transforms, at about
Tc ~ 313 K, into a paramagnetic phase with a distorted orthorhombic MnP-type structure
(B31). This transformation is a first-order magnetostructural phase transition accompanied
by a discontinuous increase of the molar volume (about 2%) and by a decrease of the
electrical conductivity revealing a metal—insulator transition [5, 6]. On heating, at about
Ti = 399 K, a second-order structural phase transition with no volume change occurs:
the orthorhombic distortion decreases with increasing temperature and the hexagonal (B8;)
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structure reappears above T; [7]. Indeed, both transitions and the anomalous behaviour of the
magnetic susceptibility in the intermediate phase have been explained by Goodenough [8—
10] assuming a change of the Mn spin state, from a high spin state in the B8, phase to a
low spin state in the B31 phase. The spin state instability appears to be responsible for a
giant magnetoelastic response recently reported [11] and is also emphasized by an attempted
explanation of the magnetic properties and of the magnetovolume effects in MnAs from the
viewpoint of itinerant electrons [12].

Recently, neutron diffraction experiments [3] showed that an external magnetic field B
stabilizes the hexagonal phase above T¢. The field-induced phase transition is accompanied
by an enhanced magnetoresistance of about 17% at 310 K. This phenomenon seems to have
the same origin as that observed in the manganites, even if the absolute value is not as large
as in compounds like La;_,Ca,MnO; with 0.2 < x < 0.5. Similarities between MnAs and
colossal magnetoresistance (CMR) manganites have been found also in the local structure
behaviour. In fact, EXAFS measurements on MnAs [4] at the Mn K edge in the temperature
range between 10 and 300 K show that the total disorder and the static contribution to the
disorder in the basal Mn—As plane are greater than along the apical Mn—Mn direction. In
particular, the static contribution to the local disorder in the Mn—As shell is comparable to the
one found in LaMnO3; manganites [13] and attributed to the Jahn—Teller distortion of the MnOgq
octahedra, which contributes to the CMR. These similarities have suggested that in MnAs the
great disorder in the basal plane could be due to a local lattice distortion [4]. The results
obtained for the local structure below T¢ agree with the suggested [3, 14] key role of the local
lattice distortion in the magnetic and structural MnAs properties. The present work extends the
previously reported low temperature EXAFS measurements to the temperature range between
250 and 500 K, allowing the study of the local structure in the paramagnetic phase. Moreover,
this study supplies information about the local lattice disorder and its characteristic behaviour
near the two phase transitions. These measurements also highlight the analogy between MnAs
and systems with large static disorder like manganites, characterized by a strong electron—
phonon coupling but also by a relevant magnetic component in charge localization.

2. Experimental method and data analysis

The samples studied were pellets of polycrystalline commercial MnAs powder, provided
by Great Western Inorganics, dissolved in a graphite matrix. Mn K-edge EXAFS data
were recorded in transmission geometry at the beamline BM29 at the European Synchrotron
Radiation Facility (ESRF-Grenoble). Measurements were performed on heating at various
temperatures between 250 and 500 K, using a helium flux cryostat below room temperature
and a heater connected to a graphite holder in the temperature range between 290 and 500 K.
The k weighted EXAFS oscillations (k x (k)) were extracted from the experimental data using
standard procedures [15] and were normalized using the Lengeler—Eisenberger [16] method,
with £y = 6539 eV. Some examples of the data obtained are shown as a function of the
temperature in figure 1(a); the essential structural features are well reproducible over the
whole temperature range. The k* weighted x (k) data were Fourier transformed (FFT) in the k
range between 3.46 and 13.88 A~!. The Fourier transform obtained shows many correlation
peaks up to R = 7 A, as expected for an ordered crystalline structure. A typical FFT signal is
reported in figure 1(b). The analysis was restricted to the first-shell FFT peak, corresponding
to the superposition of the Mn—As and Mn—Mn neighbour contributions, by inverse Fourier
transforming (Fourier filtering) the data in the R range 1.53-2.64 A. The filtered data were
fitted using the standard single-scattering EXAFS formula and theoretical amplitude and phase
functions [17].
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Figure 1. (a) k weighted EXAFS signals as a function of the temperature between 200 K (upper
curve) and 390 K (lower curve); (b) a typical FT signal for the MnAs sample in the ferromagnetic
state at 250 K.

The data taken below T¢ and above T;, namely with the sample in the hexagonal B8,
phase, have been analysed using the model previously reported [4] to describe the low
temperature ferromagnetic phase. In this model two sub-shells were required to fit the data:
one corresponding to the Nyn—as = 6 As atoms in the hexagonal unit cell and the other
corresponding to the Nyj,—Mmn = 2 out-of-plane Mn atoms. The two sub-shells fit was possible
due to the extension of the data in the k range, to the windowing in the FFT space, to the
number of independent fitting parameters and to the good signal to noise ratio. During the
fitting process, the coordination numbers Nyp—yn and Nyin—as Were fixed to the previous
reported values, according to other EXAFS experiments performed at fixed temperature [18].
In this way the uncertainty on the mean square relative displacements of the bond lengths
(or Debye—Waller factor), o2, was reduced. The fitting parameters were ‘71\2/1117 As? U]\z,ln_Mn
and the interatomic bond lengths for the two sub-shells. The interatomic distances used as
starting points for the fit were the values obtained from crystallographic parameters [18, 19],
i.e. Ryn—as = 2.75 A and Ryn_win = 2.65 A,

The distorted orthorhombic B31 structure is derived from the B8, phase by a cooperative
displacement of pair of [1, 1, 0] rows toward one another [3]. In the B8; phase each Mn
atom is surrounded by two Mn atoms and six As atoms at the same distance; in contrast, in
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Figure 2. The FFT XAFS signalat 7 = 330 K (symbols), the best fit curve considering the two-sub-
shell model (solid curve) and the simulation based on the orthorhombic distorted crystallographic
structure.

the distorted orthorhombic phase, the Mn—As distances are split [20]. To be precise, x-ray
diffraction measurements [21] showed that in the orthorhombic phase there are two different
Mn-As distances along [001] whilst the other four Mn—As bonds are not significantly different
from each other or from the Mn—As distance in the B8, phase just below 7¢. The difference
among the six Mn—As distances is very slight (<3.5% from data in [21]) and is not well
describable in the framework of the reported measurements. In fact due to the extension of
the data in the k range and to the great number of independent fitting parameters required it is
not possible to carry out a multi-shell analysis taking into account both the Mn—Mn shell and
the three Mn—As sub-shells, namely one for each distance originated from the orthorhombic
distortion. Therefore the model with only two sub-shells, one corresponding to Nyjy—as = 6
As atoms and the other corresponding to the Nyp—mn = 2 apical Mn atoms, has been used
also for the analysis in the orthorhombic phase. For comparison, in figure 2 a typical fit with
two sub-shells in the paramagnetic phase is presented together with a simulation of the FFT
XAFS signals based on the orthorhombic distorted crystallographic structure. The very little
differences between the best fit and the simulation curves allow the use of the two-sub-shell
model in our approach. The fitting procedure is the same as that described just above for the
B8 phase.

3. Results

The temperature dependences of the interatomic distances (Ryip—as and Ry—wmn) and of the
Debye—Waller factors for the two bond lengths (O’I\ZAIF As and O,y @re respectively plotted
in figures 3 and 4.

Below T¢, the present results are in good agreement with those obtained from previous
EXAFS measurements [4] between 10 and 300 K, as shown in figure 3 where present results
are shown together with data points from previous work. Despite the fact that the uncertainties
on the distances are of the order of 0.01 A, i.e. comparable with the excursion of the data,
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Figure 3. Mn—Mn (squares) and Mn—As (dots) bond lengths as a function of temperature. Full
symbols refer to the present work, open symbols to the previous one [4].

some information can be obtained from the trend of the mean distance as a function of the
temperature. Figure 3 shows that below room temperature both interatomic distances decrease,
in agreement with the unit cell contraction reported from x-ray diffraction experiments in the
temperature range from room temperature down to 100 K [7]. Above the Curie temperature
(Tc ~ 313 K), instead, the two distances increase with temperature, showing a behaviour
in agreement with the temperature dependence of the lattice parameters [7]. Both Mn—Mn
and Mn—As distances have a dip in their trend near the magnetic transition, recalling the
discontinuous decrease of the molar volume behaviour. However, a possible influence on this
feature of a harmonic approximation choice for the fluctuation regime cannot be ruled out.

In figure 4 the Debye—Waller factors of the two bond lengths, oy, A, and o,
show the same trend, even if their absolute values indicate that the Mn—Mn sub-shell is less
disordered than the Mn—As one. As references, 01\24“_ As and af,lnan from previous work
on the ferromagnetic phase are reported in figure 4. These data show qualitative agreement
with the present data as regards behaviour, except for the high o, ,,, value obtained at
250 K in previous work. The values of oy, and oy, _y;, are both characterized by a cusp-
shaped anomaly near 7¢. This anomaly is superimposed on the ‘usual’ Debye—Waller factor
temperature dependence.

These features can be described considering that o2 is composed of three terms, namely
a temperature independent static contribution, 652, and two temperature dependent dynamic
contributions: a]%, which accounts for the ordinary increase of o2 with the temperature, and
o, which accounts for the critical behaviour in the neighbourhood of the first-order phase
transitions. In the Debye approximation, o3 can be expressed as an infinite series whose first
terms are [22]

o2 1 TN\ P x
B=— | o4 dx )
Mkgtp |4 \Ob/) Jo et —1

where M is the mass of the diffusing atom and 6, is the Debye temperature. The above formula
shows that, once the mass of the atoms is known, a]% is a function of the Debye temperature
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Figure 4. Debye—Waller factors for Mn—As (a) and Mn—Mn (b) sub-shells. Full symbols refer to the
present work, open symbols to the previous one [4]. The curves are best fit contributions: thermal
(solid curve) and critical (dashed curve). The static contributions to the local disorder obtained are:
for the Mn—Mn sub-shell 052 = 0.002 05 A2 and for the Mn—As sub-shell o*s2 =0.01133 A2,

alone. The anomalous critical dependence of o> near a displacive first-order phase transition
is described with the approximate expression [23, 24]
ook —
(T — To)r
where Tp is the temperature at which the crystal would become unstable (not necessarily
To = Tc [24]) and vy is a critical exponent derived from the dispersion relation of the phonon
frequencies.

Both the Mn—-Mn and Mn—As Debye—Waller factors have been successfully fitted
considering 0*(T) = o} + 0 + 0. The fitting parameters were the static contribution to
the local disorder 052, the Debye temperature 6p, the critical temperature T and the exponent
y. The different contributions to the best O’Z(T) fit curve obtained, namely the static, the
thermal and the critical dependences, are shown in figure 4. The Debye temperature was
found to be 310 K, in agreement with the literature data [25]. The static contribution to the

)
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local disorder obtained confirms that the Mn—Mn sub-shell (crs2 = 0.00205 A2) is much less
statically disordered than the Mn—As sub-shell (052 =0.01133 A?): above room temperature
both the total disorder and the static contribution to the disorder in the Mn—As sub-shell are
greater than that along the apical Mn—Mn direction, in agreement with our previous results [4].
The value for the temperature 7o was found to be 311 K, which is, within the experimental
error, very close to 7¢, and the critical indices obtained for the two shells ypn—as = 0.5167
and Yavn—mn = 0.4462 are slightly different.

4. Discussion

The Debye—Waller factor (DWF), provided by Mossbauer fraction, x-ray and neutron
experiments, is one of the most important parameters in describing the phase transition in terms
of local structure. EXAFS provides the correlated Debye—Waller factor for a certain pair of
atoms (absorber and backscatterer), which could describe the phase transition appropriately.
Several EXAFS works have been reported that examined DWF temperature behaviour in
phase transitions: for example the melting transition of Pb showed no definite anomaly of
the DWF at the melting point, while the anomaly of the DWF in high T¢ superconductors is
still under discussion [26]. Moreover in manganites a sudden decrease of the DWF near
Tc indicates progressive reduction of charge—lattice coupling through the metal-insulator
phase transition [27]. An anomalous temperature dependence of the DWF has indeed been
reported also for ferroelectrics like BaTiO3 and PbTiO3 [28] and the stoichiometric compound
Ge,Sn;_,Te [23, 29].

X-ray diffraction study of MnAs single crystals [30] shows that there are no significant
anomalies in the static displacements of the atoms as a result of the phase transitions at 7¢
and T;. On the other hand, there are anomalous changes in the lattice dynamics at the critical
temperature: the mean square displacements of atoms in the lattice start to increase below
room temperature and reach their maximum values at the magnetic transition temperature 7¢;
then they decrease smoothly down to 7; and above T; show the usual thermal rise. Those
dynamic changes are connected to the lattice ‘softening’ on approaching 7¢ and to the lattice
‘hardening’ on further increasing of the temperature up to 7;. The temperature behaviour of
the mean square displacements of atoms reported by the above x-ray diffraction study agrees
with the o cusp-shaped anomaly reported in the present work.

Diffraction and EXAFS Debye—Waller factors present some differences, as the atomic
DWEF given by diffraction represents the mean square deviation of a given atom from its
average site in the crystal, while the EXAFS Debye—Waller factor is expected to be derived
from correlated motions of atoms, and the correlation gets reduced with disorder in the
material [31]. The close similarities between diffraction and EXAFS data and the fundamental
role of the lattice disorder in the magnetic and structural MnAs properties rule out any great
influence of the correlation on the reported o> cusp-shaped anomaly. This critical behaviour
has been described with an approximate expression for o> used in a Mssbauer study of the
phase transition of Ge,Sn;_,Te [23] for the critical part of the recoilless fraction associated
with the ‘ferroelectric branch’. This approximation was obtained assuming an Ornstein—
Zernike expression for the Fourier transform of the displacement correlation function [24]
and has been explained theoretically on the assumption of a critical lowering in the phonon
frequencies. Several works predicted a divergent mean square displacement at 7¢ using the
Einstein oscillator approximation for the soft optical phonon mode [32] or the Debye model in
connection with the vanishing shear modulus [33], but the anomalous behaviour of the DWF
at Tc usually results from a critical behaviour of some specific phonon branches [34]. To our
knowledge, for MnAs a dispersion relation of phonon modes has not been reported, but the
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drop in the elastic modulus reduction and the maximum in the sound attenuation measured
near the two transitions have been explained in terms of a phonon instability [35, 36], with a
soft phonon frequency which goes to zero. The presence of this phonon instability justifies
the use of the approximate expression (2) to describe the cusp near the first-order transition;
on the other hand due to lack of knowledge of any temperature dependence for the phonon
anomaly, the critical exponent y has been considered as a fitting parameter.

Near the second-order structural transition temperature 7; no critical effect in the o2
behaviour has been observed, in agreement with the diffraction data [30], even if the existence
of a soft phonon mode has been reported [35]. It was suggested [24] that the size of the
critical increase near a transition is smaller for crystals in which the difference between the
transition temperature and the temperature 7o is bigger, in agreement with (2), where To is
not necessarily the transition temperature. This argument suggests that the anomaly near T;
exists but is too small to be detected on the Debye-like background.

5. Conclusion

The EXAFS spectrum of MnAs has been measured between 250 and 500 K. The temperature
dependences of the interatomic Mn—Mn and Mn—As distances are in agreement with the
temperature dependence of the lattice parameters. Moreover from the Debye—Waller factor of
the two bond lengths, ‘71\2/1n— As and af,lnan, two types of information have been obtained. The
first is the ‘usual’ temperature dependence, well described by the Debye approximation, and
the second is the critical behaviour near the first-order phase transition, analysed in terms of a
cusp-shaped anomaly strictly related to a critical lowering in the phonon frequencies.
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