
Absence of Colossal Magnetoresistance in the Oxypnictide
PrMnAsO0.95F0.05
Eve J. Wildman,† Falak Sher,‡ and Abbie C. Mclaughlin*,†

†The Chemistry Department, University of Aberdeen, Meston Walk, Aberdeen AB24 3UE, Scotland
‡Department of Chemistry, SBA School of Science and Engineering, LUMS, 54792 Lahore, Pakistan

ABSTRACT: We have recently reported a new mechanism of colossal magnetoresistance
(CMR) in electron doped manganese oxypnictides NdMnAsO1−xFx. Magnetoresistances of up
to −95% at 3 K have been observed. Here we show that upon replacing Nd for Pr, the CMR is
surprisingly no longer present. Instead a sizable negative magnetoresistance is observed for
PrMnAsO0.95F0.05 below 35 K (MR7T (12 K) = −13.4% for PrMnAsO0.95F0.05). A detailed
neutron and synchrotron X-ray diffraction study of PrMnAsO0.95F0.05 has been performed,
which shows that a structural transition, Ts, occurs at 35 K from tetragonal P4/nmm to
orthorhombic Pmmn symmetry. The structural transition is driven by the Pr 4f electrons
degrees of freedom. The sizable −MR observed below the transition most likely arises due to a
reduction in magnetic and/or multipolar scattering upon application of a magnetic field.

■ INTRODUCTION

Due to the recent discovery of high temperature super-
conductivity at 26 K in the electron doped 1111 iron pnictide
LnFeAsO1 there has been much active research into oxy-
pnictide materials.2 Superconducting transition temperatures
(Tc) of ≤ 56.3 K have been achieved via the substitution of
oxygen with fluorine,3−5 by the creation of oxygen vacancies,6

or by Th4+ substitution for Ln3+.7 These materials form with the
primitive tetragonal ZrCuSiAs structure (space group P4/
nmm), and various other transition metal analogues have been
reported, for example LnMAsO (Ln = lanthanide, M = Mn, Co,
Ni).8−10 Recently, we reported colossal magnetoresistance
(CMR) at low temperature in the antiferromagnetic oxy-
pnictide series NdMnAsO1−xFx (x = 0−0.08).11 CMR is a rare
phenomenon12,13 which is well-known in other manganese
oxides such as the perovskite Ln1−xAxMnO3 (Ln = La, Pr and A
= Sr, Ca)14,15 and pyrochlore Tl2Mn2O7.

16 Magnetoresistance
(MR) is defined as the change of electrical resistivity ρ in an
applied magnetic field H, so that MR = (ρ(H) − ρ(0))/ρ(0).
Magnetoresistant materials are important for magnetic memory
device applications.
The parent compound NdMnAsO exhibits several magnetic

transitions. At 359 K the Mn2+ spins align antiferromagnetically
with moments aligned parallel to c. At 23 K (TNd) the Nd3+

spins order antiferromagnetically with their moments aligned
parallel to the basal plane.8,17 At the same time a spin
reorientation of the Mn spins occurs; the Mn spins rotate from
their previous alignment along the c axis to along a over a 3 K
temperature interval. Doping with a small amount of fluorine to
obtain phases of NdMnAsO1−xFx drastically changes the
electronic properties of the parent compound, but little change
to the magnetic properties upon substitution were observed.
Variable temperature powder neutron diffraction data showed
antiferromagnetic order of the Mn2+ moments below 356(2) K,
with the same magnetic structure as previously reported for

NdMnAsO,8,18 so there is no appreciable change in TMn. Below
23 K (TNd) antiferromagnetic alignment of Nd

3+ spins along a
was observed with a corresponding spin reorientation of Mn2+

into the basal plane at 20 K (TSR), as described for
NdMnAsO.17 MR is observed below ∼75 K and is greatly
enhanced upon cooling below TSR, so that CMR is observed at
low temperature (MR9T(3K)) = −95%). Electron doping
manganese pnictides with H− has also been achieved with large
negative magnetoresistance observed in the series LaMnA-
sO1−xHx. The maximum MR is observed in the sample x = 0.08
(MR5T(8K) = −63%), as the antiferromagnetic order of Mn
spins is suppressed by the emergence of a ferromagnetic
metallic phase.19 Electron doped materials SmMnAsO1−x have
also been prepared,20 and surprisingly a large positive
magnetoresistance is observed at low temperature in metallic
materials (MR ∼ 60% at 2 K for x = 0.3). This effect has been
attributed to a field induced change of the complex Fermi
surface. Given the diverse MR properties observed so far for the
electron doped 1111 manganese oxyarsenides (Ln = La, Nd,
Sm), we have synthesized and investigated the structural,
electronic, and magnetic properties of PrMnAsO0.95F0.05.

■ EXPERIMENTAL SECTION
Polycrystalline samples of PrMnAsO0.95F0.05 and NdMnAsO1−xFx (x =
0.02, 0.05) were synthesized via a two-step solid-state reaction
method. Initially, the LnAs (Ln = Pr, Nd) precursor was obtained by
the reaction of Ln pieces (Aldrich; 99.9%) and As (Alfa Aesar;
99.999%) at 900 °C for 24 h in an evacuated, sealed quartz tube. The
resulting precursor was then reacted with stoichiometric amounts of
MnO2, Mn and MnF2 (Aldrich; 99.99%); all powders were ground in
an inert atmosphere and pressed into a pellet of 10 mm diameter. The
pellet was placed into a Ta crucible and sintered at 1150 °C for 48 h,
again in a quartz tube sealed under vacuum.

Received: October 6, 2014
Published: February 25, 2015

Article

pubs.acs.org/IC

© 2015 American Chemical Society 2536 DOI: 10.1021/ic502445t
Inorg. Chem. 2015, 54, 2536−2542

This is an open access article published under an ACS AuthorChoice License, which permits
copying and redistribution of the article or any adaptations for non-commercial purposes.

pubs.acs.org/IC
http://dx.doi.org/10.1021/ic502445t
http://pubs.acs.org/page/policy/authorchoice/index.html
http://pubs.acs.org/page/policy/authorchoice_termsofuse.html


Powder X-ray diffraction patterns of PrMnAsO0.95F0.05 and
NdMnAsO1−xFx (x = 0.02, 0.05) were collected using a Bruker D8
Advance diffractometer with twin Gobel mirrors and Cu Kα radiation.
Data were collected at room temperature over the range 10° < 2θ <
100°, with a step size of 0.02°, and could be indexed on a tetragonal
unit cell of space group P4/nmm, characteristic of the ZrCuSiAs
structure type as previously reported for PrMnAsO.21 X-ray diffraction
patterns demonstrated that the material was of high purity.
High resolution synchrotron X-ray powder diffraction patterns were

recorded on the ID31 beamline for PrMnAsO0.95F0.05 at ESRF,
Grenoble, France at several temperatures between 10 and 290 K with a
wavelength of 0.3999 Å and a collection time of 1 h at each
temperature. The powder sample was inserted into a 0.5 mm diameter
borosilicate glass capillary and spun at ∼1 Hz. The patterns were
collected in the range 2° < 2θ < 50°.
Powder neutron diffraction data were also recorded for

PrMnAsO0.95F0.05 using the D20 high intensity diffractometer at the
Institute Laue Langevin (ILL, Grenoble, France). Neutrons of
wavelength 2.4188 Å were incident on an 8 mm vanadium can, and
data were recorded between 2 and 300 K in a cryostat and between
300 and 360 K in a furnace, with a collection time of 20 min at each
temperature. The temperature dependency of the magnetic structure
was obtained by Rietveld refinement22 of the neutron data using the
GSAS package.23

The temperature and field dependence of the electrical resistance
were recorded using a Quantum Design physical property measure-
ment system (PPMS) between 4 and 300 K in magnetic fields of 7 T.
The magnetic susceptibility was measured with a Quantum Design
superconducting quantum interference device magnetometer
(SQUID). Zero field cooled (ZFC) measurements were recorded
between 2 and 400 K in a field of 1000 Oe.

■ RESULTS
Crystal Structure. The Rietveld refinement of high

resolution X-ray powder diffraction data collected between 10
and 290 K confirmed that PrMnAsO0.95F0.05 crystallizes at room
temperature with the expected ZrCuSiAs-type tetragonal
structure of space group P4/nmm (Figure 1). Similar to

PrMnSbO,24 a structural transition to orthorhombic Pmmn
symmetry is observed below Ts ∼ 35 K, demonstrated by a
subtle splitting of the (302), (310), and (311) reflections upon
cooling as shown in the inset of Figure 1. Pr3+ has the 4f2

configuration, and the structural distortion is a result of
multipolar order, most likely ferromultipolar order as previously
reported for PrMnSbO.24 In contrast, there is no evidence of a

structural transition in NdMnAsO1−xFx which remains in the
P4/nmm space group down to 4 K.11

Below Ts ∼ 35 K the data were fit well with an orthorhombic
unit cell of subgroup Pmmn (a = 4.05896(1) Å, b = 4.06201(1)
Å, and c = 8.89399(2) Å at 10 K) where the Pr site symmetry
undergoes a reduction from 4mm to mm2. This structural
change differs from the orthorhombic distortion observed in
the Fe analogue, LaFeAsO, which results in an enlarged
centered cell of space group Cmma. The refined values for
lattice constants, atomic parameters, and selected bond lengths
and angles with corresponding agreement indices for the
respective variable temperature fits to the data are found in
Table 1. There is no evidence of cation or As/O anion disorder.
The Pr, Mn, and As occupancies refined to within ±1% of the
full occupancy and were fixed at 1.0. The O and F occupancies
were fixed at 0.95 and 0.05, respectively.
The temperature dependencies of the cell parameters are

shown in Figure 2. The orthorhombic to tetragonal transition is
clearly observed below Ts ∼ 35 K. The structural transition is
driven by Pr 4f electron degrees of freedom24 which results in
the splitting of the Pr−O bond lengths. At 35 K the Pr−O
bond length is 2.3429(1) Å and splits into two bond lengths of
2.385(5) and 2.303(4) Å below Ts (Figure 3). In comparison a
much smaller change is evident in the Mn−As bond lengths.
There is also a contraction in both of the Pr−O−Pr and As−
Mn−As blocks below this temperature (Table 1).
The variation of c with temperature is shown in the inset of

Figure 2, and a subtle change in slope is apparent at ∼140 K.
There is also a discontinuity present in a at this temperature
(Figure 2). The Mn−As and Pr−O/F bond lengths and angles
are shown in Figure 3 and Table 1, respectively. Subtle
anomalies are observed in all of the Mn−As bond lengths and
As−Mn−As angles at ∼140 K. In contrast, there is no evidence
of a discontinuity in any of the Pr−O bond lengths or Pr−O−
Pr bond angles.

Magnetic Structure. Powder neutron diffraction measure-
ments were recorded over the temperature range 2−360 K.
Below TMn = 340 K the (100) magnetic reflection is observed
alongside a magnetic contribution to the intensity of the (101)
and (102) structural peaks as a result of antiferromagnetic
ordering of the Mn spins (Figure 4). This is comparable to the
Nd analogue (NdMnAsO0.95F0.05) with a TMn = 356 K.11 Above
340 K, the (100) magnetic reflection is no longer observable
but diffuse scattering characteristic of short range ordering is
still present as shown in Figure 4. The magnetic reflections
observed below 340 K could be indexed with the propagation
vector (k = 0, 0, 0), so that the nuclear and magnetic unit cells
are equivalent. Rietveld refinement of the data revealed that at
TMn the Mn moments align antiferromagnetically in the ab
plane and ferromagnetically along c, as previously reported for
NdMnAsO1−xFx,

8,11,17 with spins parallel to the c axis.
The variation of the high spin Mn moment with temperature

is displayed in Figure 5. Below ∼220 K (TSR1) the Mn spins
start to reorient to align parallel to a, which results in a slight
reduction in intensity of the (100) and (101) peaks but an
increase in the intensity of the (102) reflection. There is no
change in spin state of the Mn ion at the spin reorientation
transition. At 180 K a poorer Rietveld fit to the (100) magnetic
reflection is observed which can be modeled by adding a small
antiferromagnetic moment on the Pr3+ site. The Pr3+ spins are
aligned parallel to a (Figure 4), and the concave variation of the
Pr moment with temperature (Figure 5) suggests that the
magnetic ordering of the Pr3+ spins is induced upon

Figure 1. Rietveld refinement fit to the 10 K ID31 synchrotron X-ray
powder diffraction pattern of PrMnAsO0.95F0.05. The inset shows the
orthorhombic peak splitting as a function of temperature.
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Table 1. Refined Cell Parameters, Agreement Factors, Atomic Parameters, and Selected Bond Lengths and Angles for
PrMnAsO0.95F0.5 from Rietveld Fits against ID31 Synchrotron Powder X-ray Diffraction Data at Various Temperaturesa

aPr and As are at 2c (1/4, 1/4, z), Mn at 2b (3/4, 1/4, z), and O, F at 2a (3/4, 1/4, z). A structural transition from tetragonal P4/nmm to
orthorhombic Pmmn symmetry is apparent below 35 K.
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reorientation of the Mn spins into the basal plane. The spin
reorientation of the Mn moments occurs over an ∼80 K
temperature interval so that by 140 K (TSR2) the Mn spins are
fully aligned parallel to a, with a moment of 3.17(3) μB. The
same spin reorientation is observed below 90 K in PrMnSbO
over a 20 K temperature interval.24 For PrMnSbO, the induced
Pr antiferromagnetic order is only observed once the Mn
moments are fully aligned in the basal plane. In contrast, in
PrMnAsO0.95F0.05, the induced Pr moment is detected after the
Mn spins start reorienting into the basal plane. It is most likely
that a small Pr moment is actually also induced at 200 K but the
magnetic intensity is too weak to be seen in our measurements.
Similar behavior is also observed in La1−xCexMnAsO25 where
spin reorientation of the Mn moments induces long range
magnetic order of the Ce3+ moments below 34 K. A

simultaneous spin reorientation of the Mn moments and
alignment of the Nd spins is also observed in NdMnAsO1−xFx
at the lower temperature of 23 K.8,11,17

Magnetic susceptibility measurements of PrMnAsO0.95F0.05
show an anomaly in the inverse susceptibility at TMn ∼ 340 K
and a broad transition around 38 K (Figure 6). There is no
evidence of a magnetic transition in the neutron diffraction data
at this temperature, so that the broad peak most likely arises
from the crystalline field splitting of the Pr3+ ion.
The high resolution synchrotron X-ray diffraction data

identified a structural transition at Ts ∼ 35 K from tetragonal
to orthorhombic symmetry, due to a small distortion in the ab
plane (Figures 1 and 2). Since a ≠ b below this temperature,
the neutron data were separately modeled with the moments
along the a and b axes and then compared. The best results
were obtained with magnetic moments ordered parallel to b (χ2

= 13.3 for moments aligned along b compared to 14.1 for
moments aligned along a at 2 K); this arrangement was

Figure 2. Temperature variation of the a and b cell parameters of
PrMnAsO0.95F0.05with temperature, evidencing the structural transition
below 35 K. The inset shows the variation of the c cell parameter with
temperature. The temperature at which the Mn spins are fully aligned
in the basal plane, TSR2, is indicated on both panels by an arrow.

Figure 3. Variation of the Pr−O/F and Mn−As bond lengths with
temperature. The inset shows the temperature variation of the As−
Mn−As bond angle (α1). The structural anomaly at TSR2 is indicated
by an arrow.

Figure 4. Portion of the D20 neutron diffraction pattern for
PrMnAsO0.95F0.05 showing the magnetic diffraction peaks at several
temperatures. The Rietveld fit to the data is shown. Diffuse scattering
characteristic of short range magnetic order is still evident above TMn
as indicated by the arrow. The inset shows the magnetic structure
below TPr. The small black spheres are Mn, and the larger gray spheres
are Pr.
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therefore adopted for all temperatures below Ts. The
synchrotron data also evidenced anomalies in the cell
parameters, Mn−As bond lengths and angles at ∼140 K
(Figures 2 and 3, Table 1), which correspond to TSR2, the
temperature at which the Mn moments have fully reorientated
into the basal plane. This demonstrates a coupling between the
crystal and magnetic lattices; i.e., the crystal lattice is sensitive
to the orientation of the Mn moment. In corroboration there is
no evidence of a discontinuity in any of the Pr−O/F bond
lengths or Pr−O−Pr bond angles at 140 K.
Electronic Properties. PrMnAsO0.95F0.05 is semiconducting

with a room temperature resistivity of ρ290 K = 0.304 Ω·cm.
Arrhenius behavior is observed between 95 and 220 K (Figure
7, inset b), where the resistivity, ρ, follows the relationship ρ =
ρ0exp(Eg/2kT) (where ρ is the measured resistivity, Eg the band
gap, k the Boltzmann constant, and T the temperature), with a
calculated Eg of 0.048(1) eV. The electron transport properties
in this region are dominated by thermally activated charge

carriers across a band gap. Similar results are obtained for
NdMnAsO0.95F0.05,

11 where Eg = 0.023(1) eV.
The low temperature resistivity of PrMnAsO0.95F0.05 is shown

in Figure 7, inset a. Upon cooling PrMnAsO0.95F0.05 below 95
K, the temperature variation of the resistivity data is
characteristic of Mott three-dimensional variable range hopping
(VRH) of the electrons (Figure 7).26 Variable range hopping
conductivity implies that the electronic states are localized at
the Fermi level by disorder. Disorder in a solid can introduce
random potential energy in the lattice which can lead to
localization of the electronic wave function (Anderson
localization). Anderson localization is caused by a disordered
potential which could arise from the substitution of F− for O2−

in PrMnAsO0.95F0.05. At low temperatures Anderson local-
ization occurs in many metals and semiconductors where
variable range hopping of the charge carriers is observed. In the
variable range hopping mechanism, a localized electron can
then only move from one localized site to another by phonon
assisted hopping, which is a combined thermally active
quantum tunneling process. An electron will only tunnel to
another site if the thermal activation energy required for the
hop is reduced. In this case the resistivity, ρ, can be modeled as
ρ = ρ0 exp(T0/T)

1/4. T0 represents the localization temperature.
T0 depends on the radius of localized states α (also called the
localization length), and the density of states at the Fermi level,
N(EF) so that T0 = λ/[kBN(EF)α

3]; λ is a dimensionless
constant.27,28 Three-dimensional variable range hopping of the
electrons is also observed for NdMnAsO0.95F0.05 below 75 K.11

The resistivity data for PrMnAsO0.95F0.05 in Figure 7 is fit to the
Mott three-dimensional VRH equation. A subtle electronic
transition is evidenced at 44 K (Figure 7) as a change of slope is
observed in the ln(ρ) versus T−0.25 plot. This transition is not
coincident with the structural transition at 35 K. The change of
slope observed in the ln(ρ) versus T−0.25 plot (Figure 7)
suggests a crossover between two three-dimensional VRH
states with different values of the localization temperature T0
(T0 = 6.16(1) × 105 and 2.08(1) × 105 K for the high and low

Figure 5. Temperature variation of the refined Mn and Pr moments
for PrMnAsO0.95F0.05. The shaded region shows the spin reorientation
of the Mn spins from parallel to c into the basal plane between TSR1
and TSR2.

Figure 6. Direct current magnetic susceptibility of PrMnAsO0.95F0.05
measured as a function of temperature in a 1000 Oe magnetic field.
The inset shows a section of the variation of the inverse susceptibility
with temperature which evidences antiferromagnetic order of the Mn
spins below 340 K. The bold black line is a linear fit to the inverse
susceptibility data, and there is a clear deviation at TMn.

Figure 7. Plot of ln(resistivity) against T−1/4 for PrMnAsO0.95F0.05
evidencing a subtle electronic transition at 44 K. The resistivity can be
fit to the Mott VRH equation ρ = ρ0 exp(T0/T)

1/4 over the whole
temperature range shown. The insets show the variation of resistivity
for PrMnAsO0.95F0.05 (inset a) and variation of ln(ρ) with inverse
temperature showing that PrMnAsO0.95F0.05 exhibits Arrhenius
behavior between 95 and 220 K (inset b).
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temperature electronic states, respectively). This reveals that
the material adopts a more disordered electronic state at higher
temperatures as T0, which represents the degree of electronic
disorder, is larger. T0 is large for the LnMnAsO1−xFx (Ln = Pr,
Nd) oxypnictides reported so far which suggests that electronic
disorder is considerable.28 In this case conduction can only take
place by an exchange transition to the final state so that the
electron reaches its final state by an indirect, rather than a
single, transition.28 The electron percolates through the
network in a set of varied jumps, rather than a single jump,
and the additional energy is supplied to the electron by a
multiphonon process. The double slope behavior observed for
PrMnAsO0.95F0.05 has been reported in the insulating phase of
high temperature superconducting cuprates28 and also in
SrFeO3−δ

29 and is due to multiphonon assisted hopping in
different temperature regimes. Below 12 K a further electronic
transition is evidenced for PrMnAsO0.95F0.05 so that variable
range hopping of the electrons is no longer observed. The
variation of resistivity with temperature is displayed in inset a,
Figure 7, and the resistivity appears to reach a maximum at 4 K.
The origin of this transition is currently unknown.
Figure 8 shows the variation of the magnetoresistance with

temperature for both PrMnAsO0.95F0.05 and NdMnAsO0.95F0.05

recorded in a 7 T magnetic field. The MR of PrMnAsO0.95F0.05
is very different from that reported for NdMnAsO1−xFx (x ≥
0.05) and there is no evidence of CMR down to 4 K. Instead,
upon cooling below the structural transition at ∼35 K a sizable
negative MR is observed (MR7T(12K) = −13.4%). Below 12 K
the magnitude of the −MR rapidly decreases so that by 4 K the
MR7T = −0.9%. Below 12 K a further electronic transition is
evidenced (as described earlier) so that VRH of the charge
carriers is no longer observed and demonstrates that the MR is
sensitive to the conduction mechanism. There is no evidence of
MR above 35 K.

■ DISCUSSION

The magnetic properties of NdMnAsO0.95F0.05 and PrMnA-
sO0.95F0.05 exhibit clear differences. In both materials there is
significant magnetic coupling between the lanthanide and Mn
ions. In PrMnAsO0.95F0.05 the Mn spin reorientation transition
and subsequent induced antiferromagnetic order of Pr3+ occurs
below ∼220 K and over a much wider temperature range (∼80
K compared to 3 K in NdMnAsO0.95F0.05). The Nd
antiferromagnetic transition and subsequent spin reorientation
of Mn moments in NdMnAsO0.95F0.05 also occurs at a much
lower temperature (23 K).11 Density functional calculations
have shown that the spin reorientation transitions observed in
LnMnAsO (Ln = lanthanide) are controlled by the strength of
the Dzyaloshinskii−Moriya (DM) and biquadratic (BQ)
exchanges between Ln3+ and Mn.30 Below the SR transition
the Mn and Pr3+ spins are collinear so that the BQ interaction
dominates over the DM interaction. The higher spin
reorientation transition temperature observed in PrMnA-
sO0.95F0.05 compared to NdMnAsO0.95F0.05 therefore demon-
strates a much stronger BQ interaction between Mn and Ln3+

in PrMnAsO0.95F0.05.
30

Figure 8 shows that the MR properties of PrMnAsO0.95F0.05
are very different from those of NdMnAsO0.95F0.05 in which
colossal magnetoresistance is observed at low temperature
(MR9T(3K)) = −95%). Both materials are semiconducting with
Arrhenius behavior at high temperature and variable range
hoping of the charge carriers below ∼80 K. However,
surprisingly, the CMR observed for NdMnAsO1−xFx is absent
in PrMnAsO0.95F0.05. −MR is observed below ∼75 K in
NdMnAsO0.95F0.05, but at TSR the magnitude of −MR increases
sharply (Figure 8). At TSR, in NdMnAsO1−xFx, the spin
reorientation of the Mn spins (from aligning along c to aligning
parallel to a) precipitates an electronic transition to Efros
Shklovskii (ES) VRH. This signifies that the reorientation of
Mn spins into the basal plane at 20 K results in enhanced
Coulomb correlations between localized electrons,11 which
results in much higher resistivity below TSR. A variable field
neutron diffraction study has shown that upon applying a
magnetic field there is a second order phase transition from
antiferromagnetic to paramagnetic order of both the Nd and
Mn spins.11 The CMR then arises as a result of a second order
phase transition from an insulating antiferromagnet to a
semiconducting paramagnet upon applying a magnetic field,
so that the electron correlations are diminished in field.11 The
MR at a given field, H, is related to the magnitude of the
antiferromagnetically ordered Mn moment, so that −MR =
(ΔM/C)1/2, where ΔM = M(0) − M(H), where M(H) is the
Mn2+ moment in field, M(0) is the Mn2+ moment when μ0H =
0 T, and C is a constant (0.4 μB at 4 K) which equates to the
moment reduction that would theoretically result in a −MR of
100%.
The temperature variation of the MR of PrMnAsO0.95F0.05 is

very different (Figure 8), and a sizable −MR is only observed
below Ts. Below Ts multipolar order of the Pr 4f ground state is
observed so that the sizable −MR observed most likely arises
due to a reduction in magnetic and/or multipolar scattering
upon application of a magnetic field. The absence of CMR in
PrMnAsO0.95F0.05 is perhaps surprising and most likely suggests
that the phase transition from antiferromagnetic to para-
magnetic order of both the Ln and Mn spins observed from
variable field neutron diffraction studies of NdMnAsO0.95F0.05
(which results in the CMR) is not evident in PrMnAsO0.95F0.05.

Figure 8. Temperature variation of the MR7T for PrMnAsO0.95F0.05
and NdMnAsO0.95F0.05 demonstrating the absence of CMR in
PrMnAsO0.95F0.05. The structural transition (Ts) observed at ∼35 K
for PrMnAsO0.95F0.05 and the spin reorientation transition (TSR)
observed at 20 K for NdMnAsO0.95F0.05 are indicated. The inset shows
the temperature variation of MR7T for NdMnAsO0.98F0.02.

Inorganic Chemistry Article

DOI: 10.1021/ic502445t
Inorg. Chem. 2015, 54, 2536−2542

2541

http://dx.doi.org/10.1021/ic502445t


It has previously been proposed that the antiferromagnetic to
paramagnetic phase transition in NdMnAsO1−xFx arises as a
result of a linear coupling between a hidden order parameter
and the Mn and/or Nd antiferromagnetic moments.11 Such
behavior has also been reported for the heavy Fermion material
URu2Si2.

31 The absence of CMR in PrMnAsO0.95F0.05 would
suggest that the hidden order parameter is no longer present
and most likely originates from the Nd3+ cation. The hidden
order parameter could, for example, originate from multipolar
ordering of the Nd3+ 4f ground state. Further studies are
warranted to gain a better understanding of the complex
physics reported for NdMnAsO0.95F0.05. For PrMnAsO0.95F0.05,
there is also no evidence of an Efros Shklovskii VRH transition
(TES) down to 4 K. Hence electron correlations are weaker in
PrMnAsO0.95F0.05 so that the contribution to the CMR
observed in NdMnAsO1−xFx below the simultaneous spin
reorientation and ES transition is absent. The weaker electron
correlations in PrMnAsO0.95F0.05 could be a result of the
structural change from tetragonal to orthorhombic symmetry
below 35 K which results in a longer Mn−As bond length along
b (as the Mn moments align parallel to b below Ts). In
comparison at 10 K the Mn−As bond length is 2.5424(5) Å in
NdMnAsO0.95F0.05, compared to 2.556(1) Å in PrMnA-
sO0.95F0.05.
We note that it is unlikely that the difference in the MR

behavior of PrMnAsO0.95F0.05 and NdMnAsO0.95F0.05 is a result
of small differences in O:F stoichiometry. The temperature
variation of the MR of NdMnAsO0.98F0.02 is very similar to that
of NdMnAsO0.95F0.05, where a large drop in MR is observed at
TSR (Figure 8, inset). However, the overall MR is much smaller
(MR7T(10K) ∼ −29%).

■ CONCLUSION
Similar to NdMnAsO0.95F0.05, PrMnAsO0.95F0.05 is a semi-
conductor with magnetic coupling between the rare earth and
Mn magnetic spins. Antiferromagnetic order of the Mn spins
with moments aligned parallel to c is observed below 340 K for
PrMnAsO0.95F0.05. Below 220 K the Mn spins begin to reorient
into the basal plane, which subsequently induces antiferro-
magnetic order of the Pr spins at 180 K. However, unlike
NdMnAsO0.95F0.05, a tetragonal to orthorhombic structural
transition is detected below 35 K, which is driven by multipolar
ordering of the Pr 4f ground state and is accompanied by a
sizable negative magnetoresistance below Ts. The absence of
CMR in PrMnAsO0.95F0.05 may be attributed to several factors,
including the absence of Efros Shklovskii VRH as a result of
weakened electron correlations due to longer Mn−As bond
lengths below Ts. These results demonstrate that changing the
lanthanide in 1111 LnMnAsO0.95F0.05 strongly impacts the
electronic and magnetic properties so that multiple mechanisms
of MR are possible in manganese oxypnictides.
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