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A combination of synchrotron x-ray, neutron powder-diffraction, magnetization, heat-capacity, and
electrical-resistivity measurements reveals that NdMnAsO is an antiferromagnetic semiconductor with large
Neel temperature �TN=359�2� K�. At room temperature the magnetic propagation vector k=0 and the Mn
moments are directed along the crystallographic c axis �mMn=2.41�6� �B�. Upon cooling a spin-reorientation
�SR� transition of the Mn moments into the ab plane occurs �TSR=23 K�. This coincides with the long-range
ordering of the Nd moments, which are restricted to the basal plane. The magnetic propagation vector remains
k=0. At base temperature �1.6 K� the fitted moments are mab,Mn=3.72�1� �B and mab,Nd=1.94�1� �B. The
electrical resistivity is characterized by a broad maximum at 250 K, below which it has a metallic temperature
dependence but semiconducting magnitude ��250 K=50 � cm, residual resistivity ratio=2�, and a slight upturn
at the SR transition.

DOI: 10.1103/PhysRevB.82.174438 PACS number�s�: 75.25.�j, 75.30.Kz, 75.50.Ee

I. INTRODUCTION

The discovery1 of high-temperature superconductivity in
LaFeAsO1−xFx has generated enormous interest and led to
the rapid exploration of materials with similar structures.
High-Tc superconductivity has since been found in 1111-type
RFeAsO and AeFeAsF �R=rare earth and Ae
=alkaline earth�, 122-type AeFe2As2, 111-type AxFeAs �A
=Li,Na� and 11-type FeSe1-d-based materials that all have
square planar Fe layers with tetrahedral As �Se�
coordination.2,3 The 1111-type materials have the highest su-
perconducting temperatures �up to 55 K�.4,5 It is now well
established that the superconductivity in these materials oc-
curs at the expense of an itinerant antiferromagnetic �AF�
spin-density wave,6–8 and is induced either by chemical dop-
ing or application of hydrostatic pressure. It is therefore of
much interest to study the interplay between composition,
structure, magnetism, and superconductivity in these but also
in other non-Fe-based materials. For instance, the reported
Ni analogs are conventional superconductors with �4 K
transition temperatures without any evidence for the impor-
tance of magnetism in the pairing mechanism.9–11 The isos-
tructural Co materials are ferromagnetic �FM� metals or on
the boundary of ferromagnetism.12–15 The Mn analogs in
contrast are not metallic but semiconducting and are
antiferromagnetic.16–19 This pronounced difference has been
attributed to a much stronger hybridization between Mn 3d
and pnictogen p states, which leads to an electronic structure
that is not derived from the Fe-Ni materials.18 The best char-
acterized example is BaMn2As2, which has a G-type mag-
netic structure with moments aligned along the c axis
�3.88�4� �B at 10 K� and a Neel temperature of 625�1� K.19

Heat capacity and electrical resistivity reveal a Sommerfeld
coefficient close to zero, a metallic temperature dependence
between 100–400 K and a room-temperature �RT� resistivity

of 165 m� cm.17,18 Among the 1111-type materials, LaM-
nPO has been characterized in some detail.16 It has a similar
magnetic structure to BaMn2As2 but with a parallel align-
ment of the nearest-neighbor �NN� Mn moments along the c
axis. Resistivity measurements on polycrystalline samples
revealed Arrhenius-type semiconducting behavior between
200–300 K with a RT value of 2 k� cm.

The 1111-type materials offer the possibility to investigate
the interplay between rare-earth �R� and transition-metal
�TM� magnetism in this important class of materials. So far
most of the experimental evidence points to a rather weak
interaction between R and TM sublattices. For instance, the
increase in Tc on going from La to the later R in the
RFeAsO-based superconductors has been attributed to a
structural effect rather than a strong 4f-3d hybridization.20–22

One noteworthy exception is CeFePO, where the absence of
low-temperature superconductivity is related to a strong hy-
bridization resulting in heavy-fermion behavior.23 In case of
the Fe and Co RTMAsO materials, the most common effect
of magnetic R ordering is a change in sign of the magnetic
coupling between adjacent TM planes, while the in-plane
ordering remains intact.3,14,15,20 For example, for NdCoAsO,
the coupling between adjacent Co planes changes from FM
to AF upon ordering of the Nd moments without affecting
the in-plane order.

Here, we report on the crystal and magnetic structure, and
physical properties of NdMnAsO using synchrotron x-ray,
neutron powder-diffraction, magnetization, and electrical-
resistance measurements. Analysis of the neutron-diffraction
data reveals a spin-reorientation �SR� transition of the Mn
moments from parallel to the c axis into the basal plane upon
ordering of the Nd moments. This demonstrates that a mag-
netic R sublattice can change the orientation of the transition-
metal moments and is not limited to altering the spin-
orientation between unchanged planes.
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II. EXPERIMENTAL

Polycrystalline NdMnAsO �2 g� was prepared using solid-
state chemistry methods and used for all measurements. A
stoichiometric mixture of NdAs and MnO �Sigma Aldrich,
99.999%� was homogenized using mortar and pestle, pressed
into pellets and heated for 24 h at 1100 °C inside an evacu-
ated quartz tube. NdAs was prepared from a 1:1 ratio of Nd
�Sigma Aldrich, 99.99%� and As �Sigma Aldrich, 99.9%�,
which was heated for 2 h at 500 °C in an evacuated quartz
tube, immediately followed by 16 h at 900 °C. Initial phase
analysis was done using laboratory powder x-ray diffraction
on a Bruker D8 AXS diffractometer with a Cu K�1 radiation
source. High-resolution synchrotron x-ray powder-diffraction
measurements were done on the ID31 beam line at the Eu-
ropean Synchrotron Radiation Facility in Grenoble, France.
The x-ray wavelength used was 0.3998 Å, the sample was
contained in a 0.5 mm diameter borosilicate glass capillary,
and data were collected between 4–250 K. The real and
anomalous x-ray dispersion coefficients were calculated us-
ing the program FPRIME and a linear-absorption correction
�R=1.5 was used.24 The neutron powder-diffraction experi-
ments were done on the D20 beamline at the Institute Laue
Langevin in Grenoble, France.25 The instrument was used in
the high-flux setting with �=2.41 Å. The sample was con-
tained in a 6 mm diameter cylindrical vanadium can. Be-
tween 1.6–30 K, 30 min data sets were collected at fixed
temperature. From 30–300 K, 5 min data sets were collected
on a ramp of 1.25 K/min. A linear-absorption correction
�R=0.3 was applied. Rietveld analysis of the powder-
diffraction data was done using the GSAS/EXPGUI suite of
programs.26,27 The zero-field-cooled �ZFC� magnetic suscep-
tibility was measured using a Quantum Design magnetic
property measurement system �MPMS�. The temperature and
field dependences of the electrical resistivity were measured
using the resistance option of a Quantum Design physical
property measurement system �PPMS�. Heat-capacity data
were collected using the heat-capacity option of the PPMS.
A sintered platelet of about 9 mg was used, the sample cou-
pling constant was always larger than 98%.

III. RESULTS

Rietveld analysis of the synchrotron x-ray powder-
diffraction data confirms the tetragonal ZrCuSiAs structure
reported by Nientiedt et al.28 down to 4 K. The fit to the 4 K
data set is given in Fig. 1, and a summary of the fitted pa-
rameters and selected bond distances and angles at 4, 100,
and 250 K are given in Table I. Upon cooling the lattice
contracts gradually along the a �0.1%� and c axes �0.3%� and
no large anomalies are observed �Fig. 2�. The c /a ratio does
evidence a change in trend at TSR signaling a weak coupling
between the lattice and magnetic order. The Mn-As bond
distance �2.5468�4� Å� and twofold As-Mn-As tetrahedral
angle �111.59�2�°� do not change significantly with tempera-
ture. The “anomalous” nature of the Mn material is illus-
trated by its unit-cell volume �146 Å3�, which is much larger
than expected based on a simple extrapolation of the values
for NdFeAsO �135 Å3� and NdCoAsO �132 Å3�.14,29 Re-
finement of the atomic site occupancies confirmed the nomi-
nal composition. The temperature dependence of the mag-
netic susceptibility ��� evidences local moment magnetism
�Fig. 3� with two transitions visible at 23 and 4 K. From the
neutron powder-diffraction experiment �below� it is known

TABLE I. Refined lattice constants, atomic parameters, selected
bond lengths �Å� and angles �deg�, and fit statistics for NdMnAsO
from Rietveld fits against synchrotron x-ray powder-diffraction
data. Nd: 2c� 1

4 , 1
4 ,z�; Mn: 2b� 3

4 , 1
4 , 1

2 �; As: 2c� 1
4 , 1

4 ,z�; O: 2a� 3
4 , 1

4 ,0�.
Impurities: 1.5�1� wt % Nd2O3, 1.0�1� wt % MnAs.

T �K� 4 100 250

SG P4 /nmm P4 /nmm P4 /nmm

a axis �Å� 4.04446�1� 4.04503�1� 4.04979�5�
c axis �Å� 8.87383�2� 8.88258�2� 8.89935�2�
Volume �Å3� 145.16 145.34 145.97

Nd Uiso �Å2� 0.0010�1� 0.0025�1� 0.0053�1�
z 0.12991�5� 0.12992�4� 0.12976�4�
Frac 1.00 1.00 1.00

Mn Uiso �Å2� 0.0017�1� 0.0039�2� 0.0073�2�
Frac 1.00 1.00 1.00

As Uiso �Å2� 0.0013�1� 0.0044�2� 0.0071�2�
z 0.6737�1� 0.6736�1� 0.6736�1�
Frac 1.00 1.00 1.00

O Uiso �Å2� 0.0041�1� 0.0046�1� 0.009�1�
Frac 1.00 1.00 1.00

d�Nd-O� �Å� 2.3277�2� 2.3286�2� 2.3308�2�
�Nd-O-Nd �deg� 2x 120.63�2� 120.58�2� 120.63�2�
�Nd-O-Nd �deg� 4x 104.22�2� 104.22�2� 104.21�2�
d�Mn-As� �Å� 2.5456�5� 2.5424�4� 2.5468�4�
�As-Mn-As �deg� 2x 111.65�2� 111.54�1� 111.59�2�
�As-Mn-As �deg� 4x 105.20�3� 105.41�2� 105.32�2�
d�Mn-Mn� �Å� 2.85983�1� 2.86027�1� 2.86364�1�
�2 5.1 4.7 5.1

wRp 12.8 14.1 15.0

Rp 8.3 9.6 9.6

RF
2 4.3 5.5 5.1

FIG. 1. �Color online� Rietveld fit to 4 K synchrotron x-ray
powder-diffraction data for NdMnAsO. Observed data are indicated
by open circles, the fit by the solid line, and the difference curve is
shown at the bottom. The Bragg markers are for NdMnAsO �top�,
MnAs �middle�, and Nd2O3 �bottom�.
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that TN,Mn=359�2� K, while the transition at 23 K corre-
sponds to the long-range AF ordering of the Nd moments,
and a concomitant SR of the Mn moments. The presence of
Nd and Mn moments makes interpretation of the ��T� data
difficult. In particular, the data in Fig. 3 cannot be modeled
using a single Curie-Weiss term, ��T�=C / �T−	W�, unless
�Mn�T� is negligible. To obtain an indication of the relative
importance of the Nd and Mn contributions, 1 /� was fitted to
a single Curie-Weiss term between 125–300 K. This yields
C=2.39�2� emu K−1 mol−1 and 	W=−43.1�8� K. The fitted
Curie constant is larger than expected for 4I9/2 Nd3+ �C
=1.6 emu K−1 mol−1�, which suggests that both Nd and Mn

contribute to ��T� in this temperature interval. This is sup-
ported by the neutron-diffraction results which reveal that the
Mn moments are not saturated down to 50 K. The transition
at 4 K corresponds to the saturation of the ordered Nd mo-
ments, and cannot be attributed to magnetic impurities �Table
I� as Nd2O3 does not order down to at least 1.8 K, and MnAs
is FM with a Curie temperature above RT. The linear field
dependence of the magnetization �inset to Fig. 3� is in agree-
ment with a complete AF �2 and 15 K� or AF plus paramag-
netic ground state �30 K�.

The temperature and field dependences of the electrical
resistivity are summarized in Fig. 4. The magnitude of the
resistivity falls between 25 and 50 � cm, which places Nd-
MnAsO in the semiconducting regime. The temperature de-
pendence is characterized by a broad hump at 250 K, above
which semiconducting behavior is found, while below a me-
tallic temperature dependence is evident. At TSR the resistiv-
ity shows a moderate upturn, which may be due to increased
spin scattering. This type of temperature dependence is typi-
cal of a degenerate semiconductor and was also observed in
BaMn2As2 single crystals.17 However, in the current case,
the magnitude of the resistivity is one to two orders of mag-
nitude larger, which may be related the presence of insulating
Nd2O2 blocks and to the polycrystalline nature of the
samples. Measurements on single crystals are needed to
probe the intrinsic transport properties of this material. The
magnetoresistance �MR� was obtained from the symmetric
part of R�H� curves measured between −9
�0H
9 T.
This was done to eliminate spurious Hall-effect contributions
due to misalignment of the contact electrodes. At low tem-
peratures ��30 K�, the field dependence shows a rapid drop
followed by a saturation at the 1−2 % level. At higher tem-
peratures, the field dependence is linear with a similar MR of
2% in 9 T observed at 250 K.

The temperature dependence of the heat capacity �C� in
applied magnetic fields of 0 and 9 T is given in Fig. 5. This
confirms the presence of a phase transition at 23 K, while
there is no evidence for a transition at 4 K. In zero field, the
transition appears second order with a clear maximum at 23
K. Application of a magnetic field broadens the transition,
and moves the maximum to lower temperatures, in agree-
ment with the observed antiferromagnetic ordering. We note
that even in zero applied magnetic field the transition appears

(a)

(b)

FIG. 2. �Color online� �a� Temperature dependence of the crys-
tallographic a and c axes for NdMnAsO. �b� Temperature depen-
dence of the unit-cell volume and the c /a ratio for NdMnAsO.

FIG. 3. �Color online� Temperature dependence of the ZFC
magnetic ��� and inverse magnetic �1 /�� susceptibilities for NdM-
nAsO. The solid line is a fit to the Curie-Weiss law. The insets show
the field dependence of the magnetization at 2, 15, and 30 K, and a
closeup of ��T� at the Nd ordering transition.

FIG. 4. �Color online� Temperature dependence of the electrical
resistivity for NdMnAsO. The inset shows the field dependence of
the normalized resistivity R /R0 at 2, 15, 30, 100, and 250 K.
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somewhat broad, which is consistent with the neutron data
that reveals a Mn-spin reorientation occurring in a narrow
temperature interval. A linear fit to C /T versus T2 at low
temperatures �inset to Fig. 5� yields a Sommerfeld coefficient
close to zero ��=1.2�7� J mol−1 K−2�, which is in agreement
with the observed semiconducting behavior.

Comparison of the x-ray and neutron data revealed mag-
netic contributions to the nuclear �102� and �103� reflections,
and completely magnetic �100� and �101� reflections in the
neutron-diffraction patterns from 300–25 K �Fig. 5�a��. Be-
low 25 K, a magnetic contribution to the �002� reflection
develops and there is a clear change in the relative intensities
of the other magnetic reflections �Fig. 5�b��. In all cases, the
magnetic reflections are indexed on the nuclear cell and the
magnetic propagation vector k=0 at all measured tempera-
tures. Magnetic representational analysis was used to derive
the symmetry allowed magnetic structures. These calcula-
tions were done using version 2 K of the SARAH representa-
tional analysis program,30 and confirm that all symmetry el-
ements of the P4 /nmm space group �SG� leave the magnetic
propagation vector �k=0� invariant, and thus constitute the
small group Gk. The decomposition of the magnetic repre-
sentation ��Mag� into the irreducible representations �IRs� of
Gk is �3

1+�6
1+�9

2+�10
2 for the Mn sites and �2

1+�3
1+�9

2

+�10
2 for the Nd sites. The representations used are after

Kovalev,31 and the character table can be found in Ref. 14.
The symmetry allowed basis vectors are given in Table II.
Inspection of this table reveals that there are two FM ��3

1 and
�9

2� and three AF solutions ��2
2, �6

1, and �10
2 �. The two FM

models are not in agreement with the observed data and can
therefore be discarded. The AF models differ in the easy
magnetization direction, which is either along the c axis or in
the basal plane. We note that according to Landau theory,
only a single IR becomes critical in a second-order phase
transition, and as a starting point only models corresponding
to a single IR were tested. Between 300–25 K, the magnetic
intensities were best fitted using the �6

1 model with the Mn
moments aligned along the c direction. �The Rwp values for
the tested models are given in Table II.� The Rietveld fit and
a graphic representation of the model are given in Fig. 6�a�.
Trial refinements using a “forbidden” linear combination of
the �6

1 and �2
1 models did not fit the data well �Rwp=7.7%�,

and there is no evidence from our data for ordering of the Nd
moments above 25 K. For T�20 K, the magnetic intensities
were fitted well using the �10

2 model with ordered Mn and Nd
moments �Table II�, which are both constrained to the basal
plane �Fig. 6�b��. The ordered moments at 1.6 K are
3.72�1� �B for Mn and 1.941�1� �B for Nd. Rietveld refine-
ments using models with an out-of-plane component on the
Nd and/or the Mn sublattice did not result in an improve-
ment, and were generally unstable. Finally, a small interme-
diate temperature interval �20
T�25 K� was identified in
which the magnetic intensities were fitted using several trial
models. At 21.7�2� K, the �6

1 and the �10
2 models are indis-

cernible �Rwp=5.3%�, while models with Mn�mab ,mc� and
Nd�mab� or only Mn�mab ,mc� yielded an improved fit �Rwp
=5.1%�. This suggests that there is an intermediate phase
with a Mn moment rotation angle �� in between 0° –90°
with respect to the c axis. However, the comparable fits also
demonstrate that this phase exists only in a narrow tempera-
ture interval, which is in agreement with the heat-capacity
and magnetic-susceptibility data. The temperature depen-
dence of the ordered moments �using the model with
Mn�mab ,mz� and Nd�mab� between 20�T�25 K� are given
in Fig. 6�c�. The fitted  values are 12�10�° at 23.6�2� K,
29�5�° at 21.7�2� K, and 80�9�° at 19.9�2� K. This suggests
that the SR temperature interval is �3 K. The temperature
evolution of the ordered Nd moment is of some interest: an
initial rapid increase to about 0.9 �B consistent with a
second-order phase transition is observed but is followed by
a gradual increase in moment to a maximum value of 1.9 �B
at 4 K, which corresponds to the second transition observed
in the magnetic susceptibility. There is no evidence for a
phase transition to a different magnetic structure at 4 K as
the statistics above and below are comparable, and no sig-

FIG. 5. �Color online� Temperature dependence of the heat ca-
pacity �C� in applied magnetic fields of 0 and 9 T. The inset shows
a linear fit to C /T versus T2 at low temperatures.

TABLE II. Basis vectors �mx ,my ,mz� for space group P4 /nmm with k=0 and Rwp values for fits against
the 1.6 and 30 K data sets. Mn1: �0.75, 0.25, 0.5�, Mn2: �0.25, 0.75, 0.5�, Nd1: �0.25, 0.25, 0.139�, and Nd2:
�0.75, 0.75, 0.861�.

�2
1 �3

1 �6
1 �9

2 �10
2

Mn1 �0 0 mz� �0 0 mz� �mx my 0� �mx my 0�
Mn2 �0 0 mz� �0 0 −mz� �mx my 0� �−mx −my 0�
Nd1 �0 0 mz� �0 0 mz� �mx my 0� �mx my 0�
Nd2 �0 0 −mz� �0 0 mz� �mx my 0� �−mx −my 0�
Rwp, 30 K �%� Unstable 5.1 16.3

Rwp, 1.6 K �%� 10.5 9.3 5.4
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nificant changes in magnetic intensities are observed. The
temperature evolution of the ordered Mn moment above 50
K is shown in the inset to Fig. 6�c�. A fit to m=m0�1
−T /TN�� yields m0=3.85�2� �B K, TN=359�2� K, and �
=0.27�1�.

IV. DISCUSSION

The magnetic and electronic properties of NdMnAsO are
of much interest, in particular, in comparison with the isos-
tructural Fe, Co, and Ni materials, which are all itinerant

systems. From a structural point of view the most pro-
nounced difference is the unit-cell volume �or the MnAs
bond distance�, which is much larger than expected based on
a simple extrapolation of the itinerant systems. This signals
significant differences in bonding, which is confirmed by the
local moment magnetism and semiconducting behavior ob-
served in the title material. The main novel result comes
from the neutron powder-diffraction study that reveals a sig-
nificant coupling between the Nd and Mn magnetic sublat-
tices, which results in a spin reorientation of the Mn mo-
ments. This type of transition has not been observed in any
of the itinerant 1111-type systems, although it has been pos-
tulated for PrFeAsO.20 The analysis of the neutron powder-
diffraction data demonstrates that the SR of the Mn moments
occurs in a narrow temperature interval ��3 K�, and pro-
ceeds via an intermediate phase with a Mn rotation angle
between 0° –90° with respect to the c axis. This interpreta-
tion is in agreement with a recent preprint on PrMnSbO that

FIG. 7. �Color online� Schematic representation of the main
magnetic interactions for NdMnAsO. Within the unit cell, the Nd
and Mn ions lie on a diamond-shaped plane. The AF NN interac-
tions �J1� between Mn ions are all satisfied, leading to G-type mag-
netic ordering. The symmetric Heisenberg-exchange interaction �J2�
between the Nd and Mn sublattice is frustrated, leaving antisym-
metric �Dzyaloshinsky-Moriya� exchange as the strongest magnetic
interaction, and a postulated perpendicular orientation of the or-
dered Mn and Nd moments. Within the Nd-O2-Nd block the J3

pathway is antiferromagnetic while J4 is ferromagnetic. Magnetic
interactions between the As-Mn2-As �Nd-O2-Nd� blocks are ex-
pected to be much weaker due to the large separation between the
blocks. The relative orientations of the ordered magnetic moments
within each sublattice at 1.6 K are denoted by the + /− signs. The
labeling of the atoms corresponds to that used in Table II.

(b)

(a)

(c)

FIG. 6. �Color online� Rietveld fits to �a� 30 K and �b� 1.6 K
neutron powder-diffraction data for NdMnAsO. The observed data
are indicated by open circles, the fit by the solid line, and the dif-
ference curve is shown at the bottom. From top to bottom: Bragg
markers are for NdMnAsO, the magnetic phase, Nd2O3

�2.0�2� wt %� and MnAs �1.0�2� wt %�. �30 K: Rwp=5.1%, Rp

=3.2%, and RF
2 =3.4%, 1.6 K: Rwp=5.5%, Rp=3.5%, and RF

2

=5.1%�. The insets to �a� and �b� show graphic representations of
the fitted magnetic structures. The temperature evolution of the fit-
ted Nd and Mn moments between 1.6 and 50 K is given in �c�. The
inset shows the temperature evolution of the ordered Mn moment
between 50–300 K. The solid line is a fit to m=m0�1−T /TN�� �see
text�. The unidentified reflections denoted by the asterisks do not
change intensity between1.6 and 400 K.
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reveals an identical SR transition occurring over a much
wider ��10 K� temperature interval.32 The narrow SR tran-
sition for NdMnAsO is consistent with the magnetic-
susceptibility and heat-capacity measurements that evidence
a second-order phase transition at TSR. The probable cause of
the SR is the competing single-ion anisotropy of Nd and Mn
as observed in the RFeO3 perovskites,33–35 and the high-Tc
parent materials R2CuO4,36 which have all been accounted
for using a phenomenological description involving compet-
ing single-ion anisotropies. In the current case, the Mn2+ ion
�free ion values: S=5 /2, orbital angular momentum L=0�
prefers to orient its moment along the c axis, while the Nd3+

moment �free ion values: S=3 /2 and L=6� lies in the basal
plane. Since the single-ion anisotropy of Nd3+ dominates that
of Mn2+ �L=0� a SR transition of the Mn moments can occur
as soon as an ordered moment develops on the Nd sublattice.
The preferred basal plane orientation for the Nd moments is
supported by calculations of the crystalline electric field
splitting of the 4f states.36 The development of a small mag-
netization on the Nd sublattice �Fig. 6�c��, followed by an
almost linear increase to the saturation value has also been
observed in a recent single-crystal study on NdFeAsO,37 and
it may be that this is a general feature of these materials.
Further theoretical analysis is needed to explain this unex-
pected behavior, and to elucidate the magnetic coupling be-
tween the Nd and TM sublattices. At RT only the Mn sub-
lattice is magnetically ordered and has a NN AF
checkerboard alignment in the basal plane �Fig. 6�a��. The
coupling between Mn planes is FM, and the ordered moment
is aligned along the c axis. The in-plane checkerboard ar-
rangement suggests that next-nearest-neighbor �NNN� inter-
actions are negligible. This is in contrast to NdFeAsO, where
in a localized model strong NNN interactions are needed to
stabilize the observed spin-stripe ordering.38 Within the insu-
lating Nd-O2-Nd blocks the magnetic order is characterized
by AF coupled FM planes �Fig. 6�b��. An identical arrange-
ment occurs for NdCoAsO that also remains tetragonal to the
lowest measured temperatures.14,15 In contrast, the Cmma
��2a��2a�c� superstructure for NdFeAsO �k=0� allows
for a different type of ordering with AF-coupled AF Nd
planes.38 To further analyze the observed SR a schematic
representation of the main magnetic interactions in NdM-

nAsO is presented in Fig. 7. Within the unit cell, the mag-
netic ions form a diamond shape with Nd at the top and
bottom corners. As discussed, the AF NN Mn-Mn interaction
J1 �through-space distance d=2.86 Å� is dominant and leads
to the observed checkerboard magnetic ordering. Within the
AF Nd-O2-Nd blocks there are two main interactions: J3
which cuts across the block �Nd1-Nd2, d=3.68 Å�, and J4
which is along the block �Ndn-Ndn, n=1,2, d=4.04 Å�.
Based on the Nd-O-Nd bond angles �Table I� and the
Kanamori-Goodenough rules for superexchange both are ex-
pected to be AF, although only J3 is in the experimental
structure. The interaction between the Nd and Mn sublattices
proceeds via four identical paths �J2 ,d=3.86 Å�, which
leads to a frustrated arrangement of symmetric Heisenberg-
exchange interactions between local moments. This leaves
the weaker antisymmetric �Dzyaloshinsky-Moriya� exchange
as the strongest magnetic interaction, and a postulated per-
pendicular orientation of the ordered Mn and Nd moments.
Unfortunately, due to the tetragonal symmetry this cannot be
verified experimentally. Finally, the Neel temperature
�359�2� K� is much reduced compared to the 625 K reported
for BaMn2As2.19 In addition, the critical exponent ��
=0.27�1�� is lower than reported for BaMn2As2 ��
=0.35�2��, which is close to the expected value for a three-
dimensional Heisenberg magnet ��=0.367�.19 These obser-
vations point to a reduced magnetic coupling and more two-
dimensional behavior in this 1111-type material compared to
the 122’s, which is plausible given the larger distance be-
tween the Mn layers. The extrapolated ordered moment at 0
K is 3.85�2� �B, which is identical to the value reported for
BaMn2As2 �3.88�4� �B at 10 K�.19 To conclude, NdMnAsO
is a local moment semiconductor that exhibits a Mn spin-
reorientation transition from aligned along the c direction
into the basal plane upon ordering of the Nd moments.

Note added in proof. Recently, we became aware of a
manuscript on NdMnAsO by Emery et al.39 that supports the
RT magnetic structure reported here.

ACKNOWLEDGMENT

STFC-GB is acknowledged for the provision of beam
time at the ILL and ESRF.

*j.w.g.bos@hw.ac.uk
1 Y. Kamihara, T. Watanabe, M. Hirano, and H. Hosono, J. Am.

Chem. Soc. 130, 3296 �2008�.
2 K. Ishida, Y. Nakai, and H. Hosono, J. Phys. Soc. Jpn. 78,

062001 �2009�.
3 M. D. Lumsden and A. D. Christianson, J. Phys.: Condens. Mat-

ter 22, 203203 �2010�.
4 C. H. Lee, A. Iyo, H. Eisaki, H. Kito, M. T. Fernandez-Diaz, T.

Ito, K. Kihou, H. Matsuhata, M. Braden, and K. Yamada, J.
Phys. Soc. Jpn. 77, 083704 �2008�.

5 J. A. Rodgers, G. B. S. Penny, A. Marcinkova, J.-W.G. Bos, D.
A. Sokolov, A. Kusmartseva, A. D. Huxley, and J. P. Attfield,
Phys. Rev. B 80, 052508 �2009�.

6 C. de la Cruz, Q. Huang, J. W. Lynn, J. Y. Li, W. Ratcliff, J. L.
Zarestky, H. A. Mook, G. F. Chen, J. L. Luo, N. L. Wang, and P.
C. Dai, Nature �London� 453, 899 �2008�.

7 A. J. Drew, C. Niedermayer, P. J. Baker, F. L. Pratt, S. J. Blun-
dell, T. Lancaster, R. H. Liu, G. Wu, X. H. Chen, I. Watanabe, V.
K. Malik, A. Dubroka, M. Rossle, K. W. Kim, C. Baines, and C.
Bernhard, Nature Mater. 8, 310 �2009�.

8 H. Luetkens, H. H. Klauss, M. Kraken, F. J. Litterst, T. Dell-
mann, R. Klingeler, C. Hess, R. Khasanov, A. Amato, C. Baines,
M. Kosmala, O. J. Schumann, M. Braden, J. Hamann-Borrero,
N. Leps, A. Kondrat, G. Behr, J. Werner, and B. Buchner, Na-
ture Mater. 8, 305 �2009�.

9 A. Subedi and D. J. Singh, Phys. Rev. B 78, 132511 �2008�.

MARCINKOVA et al. PHYSICAL REVIEW B 82, 174438 �2010�

174438-6

http://dx.doi.org/10.1021/ja800073m
http://dx.doi.org/10.1021/ja800073m
http://dx.doi.org/10.1143/JPSJ.78.062001
http://dx.doi.org/10.1143/JPSJ.78.062001
http://dx.doi.org/10.1088/0953-8984/22/20/203203
http://dx.doi.org/10.1088/0953-8984/22/20/203203
http://dx.doi.org/10.1143/JPSJ.77.083704
http://dx.doi.org/10.1143/JPSJ.77.083704
http://dx.doi.org/10.1103/PhysRevB.80.052508
http://dx.doi.org/10.1038/nature07057
http://dx.doi.org/10.1038/nmat2396
http://dx.doi.org/10.1038/nmat2397
http://dx.doi.org/10.1038/nmat2397
http://dx.doi.org/10.1103/PhysRevB.78.132511


10 F. Ronning, E. D. Bauer, T. Park, N. Kurita, T. Klimczuk, R.
Movshovich, A. S. Sefat, D. Mandrus, and J. D. Thompson,
Physica C 469, 396 �2009�.

11 L. Boeri, O. V. Dolgov, and A. A. Golubov, Physica C 469, 628
�2009�.

12 A. S. Sefat, D. J. Singh, R. Jin, M. A. McGuire, B. C. Sales, and
D. Mandrus, Phys. Rev. B 79, 024512 �2009�.

13 H. Yanagi, R. Kawamura, T. Kamiya, Y. Kamihara, M. Hirano,
T. Nakamura, H. Osawa, and H. Hosono, Phys. Rev. B 77,
224431 �2008�.

14 A. Marcinkova, D. A. M. Grist, I. Margiolaki, T. C. Hansen, S.
Margadonna, and J.-W.G. Bos, Phys. Rev. B 81, 064511 �2010�.

15 M. A. McGuire, D. J. Gout, V. O. Garlea, A. S. Sefat, B. C.
Sales, and D. Mandrus, Phys. Rev. B 81, 104405 �2010�.

16 H. Yanagi, T. Watanabe, K. Kodama, S. Iikubo, S. Shamoto, T.
Kamiya, M. Hirano, and H. Hosono, J. Appl. Phys. 105, 093916
�2009�.

17 Y. Singh, A. Ellern, and D. C. Johnston, Phys. Rev. B 79,
094519 �2009�.

18 J. M. An, A. S. Sefat, D. J. Singh, and M. H. Du, Phys. Rev. B
79, 075120 �2009�.

19 Y. Singh, M. A. Green, Q. Huang, A. Kreyssig, R. J. Mc-
Queeney, D. C. Johnston, and A. I. Goldman, Phys. Rev. B 80,
100403 �2009�.

20 H. Maeter, H. Luetkens, Y. G. Pashkevich, A. Kwadrin, R.
Khasanov, A. Amato, A. A. Gusev, K. V. Lamonova, D. A.
Chervinskii, R. Klingeler, C. Hess, G. Behr, B. Buchner, and H.
H. Klauss, Phys. Rev. B 80, 094524 �2009�.

21 M. A. McGuire, R. P. Hermann, A. S. Sefat, B. C. Sales, R. Y.
Jin, D. Mandrus, F. Grandjean, and G. J. Long, New J. Phys. 11,
025011 �2009�.

22 P. Jeglič, J.-W. G. Bos, A. Zorko, M. Brunelli, K. Koch, H.
Rosner, S. Margadonna, and D. Arčon, Phys. Rev. B 79, 094515
�2009�.

23 M. G. Holder, A. Jesche, P. Lombardo, R. Hayn, D. V. Vyalikh,
S. Danzenbacher, K. Kummer, C. Krellner, C. Geibel, Y.

Kucherenko, T. K. Kim, R. Follath, S. L. Molodtsov, and C.
Laubschat, Phys. Rev. Lett. 104, 096402 �2010�.

24 R. B. von Dreele, Program FPRIME for Windows 1.0 for calculat-
ing real and anomalous x-ray dispersion coefficients, 1994.

25 T. C. Hansen, P. F. Henry, H. E. Fischer, J. Torregrossa, and P.
Convert, Meas. Sci. Technol. 19, 034001 �2008�.

26 A. C. Larson and R. B. Von Dreele, Los Alamos National Labo-
ratory Report No. LAUR 86, 2000 �unpublished�.

27 B. H. Toby, J. Appl. Crystallogr. 34, 210 �2001�.
28 A. T. Nientiedt, W. Jeitschko, P. G. Pollmeier, and M. Brylak, Z.

Naturforsch., B: Chem. Sci. 52, 560 �1997�.
29 A. Marcinkova, E. Suard, A. N. Fitch, S. Margadonna, and J.-

W.G. Bos, Chem. Mater. 21, 2967 �2009�.
30 A. S. Wills, Physica B 276-278, 680 �2000�.
31 O. V. Kovalev, Representations of the Crystallographic Space

Groups �Gordon and Breach Science, Switzerland, 1993�.
32 S. A. J. Kimber, A. H. Hill, Y. Z. Zhang, H. O. Jeschke, R.

Valenti, C. Ritter, I. Schellenberg, W. Hermes, R. Pottgen, and
D. N. Argyriou, Phys. Rev. B 82, 100412�R� �2010�.

33 Y. B. Bazaliy, L. T. Tsymbal, G. N. Kakazei, A. I. Izotov, and P.
E. Wigen, Phys. Rev. B 69, 104429 �2004�.

34 H. Horner and C. M. Varma, Phys. Rev. Lett. 20, 845 �1968�.
35 Y. B. Bazaliy, L. T. Tsymbal, G. N. Kakazei, and P. E. Wigen, J.

Appl. Phys. 95, 6622 �2004�.
36 R. Sachidanandam, T. Yildirim, A. B. Harris, A. Aharony, and O.

Entin-Wohlman, Phys. Rev. B 56, 260 �1997�.
37 W. Tian, W. Ratcliff, M. G. Kim, J. Q. Yan, P. A. Kienzle, Q.

Huang, B. Jensen, K. W. Dennis, R. W. McCallum, T. A.
Lograsso, R. J. McQueeney, A. Goldman, J. Lynn, and A. I.
Kreyssig, Phys. Rev. B 82, 060514�R� �2010�.

38 Y. Qiu, W. Bao, Q. Huang, T. Yildirim, J. M. Simmons, M. A.
Green, J. W. Lynn, Y. C. Gasparovic, J. Li, T. Wu, G. Wu, and X.
H. Chen, Phys. Rev. Lett. 101, 257002 �2008�.

39 N. Emery, E. J. Wildman, J. M. S. Skakle, G. Giriat, R. I. Smith,
and A. C. McLaughlin, Chem. Comm. 46, 6777 �2010�.

Nd-INDUCED Mn SPIN-REORIENTATION TRANSITION… PHYSICAL REVIEW B 82, 174438 �2010�

174438-7

http://dx.doi.org/10.1016/j.physc.2009.03.031
http://dx.doi.org/10.1016/j.physc.2009.03.020
http://dx.doi.org/10.1016/j.physc.2009.03.020
http://dx.doi.org/10.1103/PhysRevB.79.024512
http://dx.doi.org/10.1103/PhysRevB.77.224431
http://dx.doi.org/10.1103/PhysRevB.77.224431
http://dx.doi.org/10.1103/PhysRevB.81.064511
http://dx.doi.org/10.1103/PhysRevB.81.104405
http://dx.doi.org/10.1063/1.3124582
http://dx.doi.org/10.1063/1.3124582
http://dx.doi.org/10.1103/PhysRevB.79.094519
http://dx.doi.org/10.1103/PhysRevB.79.094519
http://dx.doi.org/10.1103/PhysRevB.79.075120
http://dx.doi.org/10.1103/PhysRevB.79.075120
http://dx.doi.org/10.1103/PhysRevB.80.100403
http://dx.doi.org/10.1103/PhysRevB.80.100403
http://dx.doi.org/10.1103/PhysRevB.80.094524
http://dx.doi.org/10.1088/1367-2630/11/2/025011
http://dx.doi.org/10.1088/1367-2630/11/2/025011
http://dx.doi.org/10.1103/PhysRevB.79.094515
http://dx.doi.org/10.1103/PhysRevB.79.094515
http://dx.doi.org/10.1103/PhysRevLett.104.096402
http://dx.doi.org/10.1088/0957-0233/19/3/034001
http://dx.doi.org/10.1107/S0021889801002242
http://dx.doi.org/10.1021/cm9007188
http://dx.doi.org/10.1016/S0921-4526(99)01722-6
http://dx.doi.org/10.1103/PhysRevB.82.100412
http://dx.doi.org/10.1103/PhysRevB.69.104429
http://dx.doi.org/10.1103/PhysRevLett.20.845
http://dx.doi.org/10.1063/1.1687271
http://dx.doi.org/10.1063/1.1687271
http://dx.doi.org/10.1103/PhysRevB.56.260
http://dx.doi.org/10.1103/PhysRevB.82.060514
http://dx.doi.org/10.1103/PhysRevLett.101.257002
http://dx.doi.org/10.1039/c0cc01380c

