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The magnetic structure of Nd in NdFeAsO compound has been investigated by x-ray resonant magnetic
scattering at the Nd L2 edge (E = 6.725 keV) at 1.7 K≤ T ≤ 15 K. At T = 1.7 K, we find that the Nd
moments are aligned along the crystallographic c direction with the (1, 0, 0) propagation vector, and are arranged
antiferromagnetically along the a direction and ferromagnetically along the b and c directions. At 1.7 K< T ≤
15 K, we observe an unusual temperature dependence of the magnetic Bragg peaks that appear differently at
Q = (h, 0, l) and (0, k, l). From the changes of magnetic intensities and our representation analysis, we find that
the Nd moments are reoriented toward the a direction with a gradual decrease of the moment component in the
c direction with increasing temperature. We conclude that the reorientation of the Nd moment is due to a strong
interplay with the Fe moment which is fully ordered in this temperature range.

I. INTRODUCTION

Since the discovery of superconductivity (SC) in
LaFeAsO1−xFx,1 the magnetism and its role for the SC
have been studied extensively.2–4 Having the Fe magnetism
as an essential ingredient for the unconventional SC in the
Fe-based superconductors (pnictides) was surprising based
on the conventional antagonism of magnetism and super-
conductivity. More interestingly, among many pnictides,
higher superconducting transition temperatures (Tc) were
found in compounds with additional magnetic elements,
the oxypnictide superconductors REFeAsO1−xFx (RE =
Rare-Earth elements).2 One reason for the enhanced Tc in
the oxypnictides can be due to the variation of geometric
factors.2,5 It is also possible that a strong interplay between
magnetism from 4f electrons and 3d electrons6–17 enhances
magnetic fluctuations that mediate the superconducting
pairing mechanism.2–4

To understand the interplay between two different magnetic
species, the magnetic structures of several rare-earth oxypnic-
tides were studied by neutron diffraction, µSR, Mössbauer,
and x-ray resonant magnetic scattering measurements.6–17

Many of the magnetic structures of REFeAsO (RE = Ce, Pr,
Nd, and Sm) were identified, but some reported magnetic
structures are still in debate. For instance, while the mag-
netic structures of Ce and Sm are known and consistently
confirmed by other reports,6,12,14,16 for Pr and Nd different
antiferromagnetic (AFM) structures were suggested in some
studies.7,8,10–12,15,17 In the family of PrFeAsO compounds, at
low temperature, neutron powder diffraction (NPD) measure-
ments found an AFM structure in which the Pr moments align
antiferromagnetically in the ab plane and ferromagnetically
along the c axis with the moment pointing along the c axis,7,8

but a µSR study claimed the same magnetic arrangements as
in NPD except the Pr moments pointing along the a axis.12

In the NdFeAsO compound, the tetragonal-to-
orthorhombic structural transition occurs below TS ≈
150 K and Fe orders antiferromagnetically below TFe ≈ 140
K followed by the magnetic ordering of Nd below TNd ≈
5 K.9–11,15 Due to an interconnection between Fe and Nd,

induced Nd moments or coupled Fe and Nd moments appear
at T = T ∗ ≈ 15 K.15 A NPD measurement claimed that the
Nd moments lie in the ac plane with similar sizes of moment
components in the a and c directions. It showed an AFM
structure with antiferromagnetic arrangement in the ab plane
and ferromagnetic alignment along the c axis.10 Single crystal
neutron diffraction measurements found that the measured
magnetic Bragg peaks are consistent with the proposed
magnetic structure.15 Later, another NPD measurements
proposed a different magnetic structure with Nd moments
pointing along the a axis.17 Because Nd moments are coupled
with Fe moments at T ∗ ≈ 15 K15 and neutron measurements
probe overall magnetic signals from Fe and Nd indiscernibly,
it is difficult to identify the precise magnetic structure and
understand the complex interplay between Nd and Fe. Model
calculations for the magnetic anisotropy yield the result that
the easy axis for the Nd moments should be the b axis.18

Here, we report the low-temperature magnetic structure
of Nd and a temperature-dependent reorientation of Nd mo-
ment in the parent NdFeAsO compound. We employed the
element-specific x-ray resonant magnetic scattering (XRMS)
technique that probes Nd magnetism separately from Fe mag-
netism by tunning the incoming x-ray energy to the Nd L2

absorption edge. From the measured magnetic Bragg peak in-
tensities and the symmetry analysis, we find that, at low tem-
perature, the Nd moments point along the c axis with anti-
ferromagnetic alignment in the a direction and ferromagnetic
arrangement along the b and c axes. Detailed temperature-
dependent measurements of the magnetic Bragg peaks indi-
cate that the Nd moments are reoriented toward the a direction
(which was absent at low temperature) with a gradual decrease
of the moment component in the c direction with increasing
temperature.

II. EXPERIMENT

Single crystals of NdFeAsO were grown out of a NaAs flux
using the conventional high-temperature solution growth tech-
nique as described in Ref. 19. The stoichiometry of samples
from a growth batch was examined by wavelength dispersive
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spectroscopy in a JEOL JXA-8200 Superprobe electron probe
microanalyzer. Specific heat and resistivity were measured on
multiple samples from the same growth batch which showed
excellent homogeneity of the samples.15 Crystals from the
same batch were studied by both neutron and x-ray diffraction
measurements previously.15 For the XRMS measurements, an
as-grown plate-like single crystal with dimensions of approx-
imately 2 × 2 × 0.08 mm3 was selected. The surface of the
crystal was perpendicular to the c axis. The XRMS experi-
ment was conducted on the beam line 6-ID-B at the Advanced
Photon Source at Argonne National Laboratory at the Nd L2

edge (E = 6.725 keV). The incident radiation was linearly
polarized perpendicular to the vertical scattering plane (σ po-
larized) with a spatial cross section of 0.5 mm (horizontal) ×
0.2 mm (vertical). In this configuration, dipole resonant mag-
netic scattering rotates the scattered beam polarization into the
scattering plane (π polarization). Cu(2, 2, 0) was used as a
polarization and energy analyzer to suppress the charge and
fluorescence background relative to the magnetic scattering
signal. The sample was mounted at the end of the cold finger
of a closed cycle He Joule-Thomson cryostat (1.7 K ≤ T ≤
18 K) with the orthorhombic (H , 0, L) or (0, K, L) planes
coincident with the scattering plane.

III. RESULTS

We first examine magnetic reflections at the Nd L2 edge.
Figure 1 (a) displays the resonant behavior measured at T =
3 K and at the (1, 0, 5) magnetic Bragg peak position together
with the fluorescence signal obtained under the same experi-
mental conditions. We observed an enhanced intensity in the
σ−π scattering channel approximately 3 eV above the absorp-
tion edge, indicating that the observed intensity is the dipole
resonance. Similar dipole resonant peaks and their energy de-
pendence were previously reported at L edges in rare-earth
elements.20,21

At T = 3 K (T < TNd), the orthorhombic structure may
have four twin domains that appear as four Bragg peaks at
slightly different Q positions.22 Q scans were performed along
high symmetry directions to identify orthorhombic twin do-
mains in the sample. Figure 1 (b) shows two structural Bragg
peaks observed in Q scans along [0, K, 0]. The (2, 0, 6) peak
is originated from a domain with the longer orthorhombic a
axis in the scattering plane, and the (0, 2, 6) peak is from a
domain with the shorter orthorhombic b axis in the scattering
plane. From different Q scans we can identify all peaks from
four twin domains in the reciprocal space as shown in Fig. 1
(d). Then, we searched for magnetic reflections with respect
to the observed orthorhombic twin domains. We again find
four magnetic Bragg reflections at positions corresponding to
four different orthorhombic twin domains around Q = (1, 0, 6)
and (0, 1, 6).[Fig. 1 (c) and (e)] Magnetic Bragg peaks were
also observed at Q = (1, 0, 5) and (0, 1, 5) in Fig. 3, consistent
with a propagation vector (1, 0, 0). The XRMS in the σ − π
scattering channel is only sensitive to spin components lying
in the scattering plane. For instance, Fe moments in the pnic-
tides pointing along the orthorhombic a axis would produce
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FIG. 1. (Color online) (a) Energy scans through the (1, 0, 5) magnetic
Bragg peak (filled circles) in the σ − π scattering geometry at T =
3 K and the measured fluorescence (open squares) under the same
experimental conditions without a polarization analyzer. (b) [0,K, 0]
scan through the structural Bragg position at T = 3 K. (c) [0, K, 0]
scan through the magnetic Bragg position at T = 3 K. (d) and (e) plot
of the structural and magnetic peak positions in the H and K planes,
respectively. The dashed lines indicate the scan path in (b) and (c).

the magnetic Bragg peaks only at Q positions characterized
by the longer orthorhombic a axis,16,23 e.g. at (1, 0, 6) and
(1, 0, 6)’, but no magnetic Bragg peak at e.g. (0, 1, 6) and
(0, 1, 6)’ (see Table. I). Observation of Nd magnetic peaks
from all orthorhombic twin domains indicates that Nd mo-
ments do not simply point along the orthorhombic a (or b)
axis, which would give peaks at Q positions only from do-
mains characterized by the longer a (or the shorter b) axis.
We can exclude the magnetic structure proposed by Ref. 17,
where moments point along the orthorhombic a axis.

To determine the magnetic moment configuration for the
Nd moments, we performed representation analysis24 for the
Cmme space group and the (1, 0, 0) propagation vector for the
Nd order.10,11,15 Table. I shows six independent magnetic rep-
resentations (MRs) and the allowed reflections for the scatter-
ing geometry used in our experiment. There are four crystallo-
graphically equivalent Nd atoms: atom 1 at (0, 0.25, 0.1389),
atom 2 at (0, 0.75, 0.8611), atom 3 at (0.5, 0.75, 0.1389), and
atom 4 at (0.5, 0.25, 0.8611). In all MRs, Nd moments at the
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TABLE I. Magnetic representations (MRs) for NdFeAsO for the
space group Cmme with a propagation vector (1, 0, 0). The
decomposition of the MR for the Nd site (0, 0.25, 0.1389) is
Γmag = Γ2 + Γ3 + Γ5 + Γ6 + Γ7 + Γ8. The atoms of the
primitive basis are defined according to 1 (0, 0.25, 0.1389), 2
(0, 0.75, 0.8611). Lattice parameters of the orthorhombic structure
at 0.3 K: a = 5.6159 Å, b = 5.587 Å, c = 8.557 Å.10

Magnetic Intensity
BV components (h, 0, l) (0, k, l)

IR Atom m ‖ a m ‖ b m ‖ c σ → π σ → π

Γ2 1 0 0 1 Yes Yes
2 0 0 -1

Γ3 1 0 0 1 Yes Yes
2 0 0 1

Γ5 1 0 1 0 No Yes
2 0 1 0

Γ6 1 1 0 0 Yes No
2 -1 0 0

Γ7 1 1 0 0 Yes No
2 1 0 0

Γ8 1 0 1 0 No Yes
2 0 -1 0

C-centered atoms 1 and 3 are arranged antiferromagnetically,
similarly at atoms 2 and 4. The MRs Γ6 and Γ7 allow Nd mag-
netic moment along the a axis, Γ8 and Γ5 along the b axis, and
Γ2 and Γ3 along the c axis. Of the two MRs for a particular
Nd moment direction, the first one represents antiferromag-
netic alignment of the Nd magnetic moments between atom 1
and atom 2 (atoms 3 and 4) and the second one represents fer-
romagnetic alignment of the Nd magnetic moments between
atom 1 and atom 2 (atoms 3 and 4). As we discussed earlier,
the MRs Γ5, Γ6, Γ7, and Γ8 can be excluded because these
MRs only produce magnetic Bragg peaks either at Q = (h, 0, l)
or (0, k, l). Then the possible MRs for Nd magnetic moment
configuration are Γ2 and Γ3 that allow moments along the c
direction. To distinguish the difference between Γ2 and Γ3

MRs, we calculated the XRMS intensities for each MR. The
XRMS intensity is proportional to the magnetic structure fac-
tor |Fm|2,

I ∝ |Fm|2. (1)

The magnetic structure amplitude for (h, k, l) is

Fm =
∑
j

fje
2πi(hxj+kyj+lzj). (2)

fj is the resonant magnetic scattering amplitude25

fj = fXRMS = −iCµ[z3 sin(θ + α)− z1 cos(θ + α)] (3)

where C is a scaling constant, µ is the magnetic moment, 2θ
is the scattering angle, α is the angle between the scattering
vector Q and the c axis perpendicular to the sample surface,
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FIG. 2. (Color online) Distribution of (a) structural Bragg peaks mea-
sured along [0,K, 0] after the alignment is optimized for Q = (2, 0, 6)
(open squares) and for (0, 2, 6) (filled squares), respectively and (b)
magnetic Bragg peaks measured along [0, K, 0] after the alignment
is optimized for Q = (1, 0, 6) (open circles) and for (0, 1, 6) (filled
circles), respectively. (c) Proposed magnetic structure at T = 1.7 K.

and z1 and z3 are the two orthogonal spin components in the
scattering plane. Using the equations, the magnetic peak in-
tensities were calculated at Q = (1, 0, 6), (0, 1, 6), (1, 0, 5),
and (0, 1, 5) for Γ2 and Γ3 MRs. We find the intensity ratios
I106/I016 = 2.9 and 0.34 and I105/I015 = 7.7 and 0.13 for Γ2

and Γ3, respectively. To compare these values with experi-
mental values, the domain population of orthorhombic twin
domains were carefully characterized at T = 1.7 K because
less populated domains can produce reduced magnetic inten-
sities even if the ordered magnetic moments are the same in
all domains. Several angle scans (alignment scans) were per-
formed through structural Bragg peaks from all domains to
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maximize their intensities. Before the alignment [Fig. 1 (b)],
highly unbalanced diffraction intensities were observed for
each domain, but after the alignment, we find that (2, 0, 6)
and (0, 2, 6) domains are almost equally populated as shown
in Fig. 2 (a). The ratio between (2, 0, 6) and (0, 2, 6) domains
is 1:1.1. The measured magnetic Bragg peak intensities at po-
sitions corresponding to two twin domains are shown for the
(1, 0, 6) and (0, 1, 6) magnetic Bragg peaks in Fig. 2 (b) and
for the (1, 0, 5) and (0, 1, 5) magnetic Bragg peaks in Fig. 3.
We find the measured intensity ratios I106/I016 = 0.36± 0.03
and I105/I015 = 0.15 ± 0.04. These values are surprisingly
close to the calculated values (0.34 and 0.13, respectively)
for Γ3 MR. The Γ3 magnetic structure of Nd at T = 1.7 K
is shown in Fig. 2 (c) together with the Fe moment configu-
ration from Ref. 9 and 10. Our magnetic structure of Nd is
different from the magnetic structures proposed in Ref. 17,
but somewhat similar to the magnetic structure proposed in
Ref. 10, which has moment components in the c as well as in
the a direction. The slightly higher intensity ratio from our
measurement might be due to a small Nd moment component
in the a direction which will produce additional intensity at
Q = (h, 0, l). However, our observation indicates that the mo-
ment component in the a direction would be much smaller
than the moment component in the c direction which is differ-
ent from the magnetic structure in Ref. 10 that reported com-
parable moment sizes in the a and c directions. Interestingly,
Pr and Sm moments also align in the c direction in PrFeAsO7,8

and SmFeAsO compounds14,16 in the same antiferromagnetic
alignment as have been concluded for NdFeAsO at low tem-
peratures here. Magnetism in these compounds may share
similar underlying physics.

We now turn to the temperature dependence of Nd magnetic
ordering. The magnetic Bragg peak intensities at Q = (1, 0, 5)
and (0, 1, 5) were measured during cooling and warming be-
tween 1.7 K and 18 K and show an unusual temperature de-
pendence. During cooling [Fig. 3(a)], while the intensity at
Q = (1, 0, 5) gradually appears below T ≈ 10 K, the intensity
at Q = (0, 1, 5) starts to appear only below T ≈ 5 K. Be-
tween T ≈ 3 K and 5 K, we observed slightly more intensity
at Q = (1, 0, 5) than at Q = (0, 1, 5) [the inset in Fig. 3(a)].
The (1, 0, 5) magnetic peak reaches its maximum intensity at
T ≈ 3 K and weakens gradually whereas the (0, 1, 5) peak
rapidly grows below T < 3 K. Fig. 3 (b) shows the magnetic
order parameters during warming. The magnetic peak inten-
sity at Q = (0, 1, 5) decreases fast with increasing temperature
which is consistent with the behavior observed during cooling.
The (0, 1, 5) peak intensity almost disappears at TNd = 3 K
which is consistent with Ref. 10 but slightly lower than TNd
in Ref. 15, which is likely due to x-ray beam heating effects.
The magnetic intensity measured at Q = (1, 0, 5), however,
shows a hysteretic behavior. We observed higher intensity at
Q = (1, 0, 5) in temperatures between 1.7 K < T < 15 K
(= T ∗) during warming than during cooling. Such a behav-
ior is emphasized in the inset of Fig. 3 (b). While we find
that the (0, 1, 5) magnetic peak decreases gradually with in-
creasing the temperature, the (1, 0, 5) magnetic peak displays
a clear disappearance at T ∗. We plot the total scattering inten-
sity by summing up the intensities measured at Q = (1, 0, 5)
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FIG. 3. (Color online) Temperature dependence of the magnetic
order parameters of the magnetic (1, 0, 5) (triangles) and (0, 1, 5)
(diamonds) Bragg peaks during (a) cooling (open symbols) and (b)
warming (filled symbols). Insets in panel (a) and (b) show the
temperature range between 1.7 K and 5 K and between 5 K and
18 K, respectively. (c) Total scattering intensity by sum of inten-
sities of (1, 0, 5) and (0, 1, 5) Bragg peaks during cooling (open cir-
cles) and warming (filled circles). Inset shows the orthorhombicity
δ = (a− b)/(a+ b) in the same temperature range. (d) The magnetic
order parameter at Q = (1, 0, 1) from our previous neutron diffraction
measurement15 during cooling (open circles) and warming (filled cir-
cles).

and (0, 1, 5) in Fig. 3 (c). Interestingly, the total scattering
intensity in Fig. 3 (c) is very similar to the magnetic order pa-
rameter measured at Q = (1, 0, 1) in our previous single-crystal
neutron diffraction measurement15 in Fig. 3 (d). This shows
that the previous neutron diffraction measured the (1, 0, 1)
and (0, 1, 1) peaks simultaneously due to a poor resolution
of the neutron measurements. The orthorhombic distortion
δ = (a− b)/(a+ b) is displayed in the inset of Fig. 3 (c) and
shows no significant changes in the orthorhombicity in the
studied temperature range, implying the observed temperature
dependence is not associated with an additional structural dis-
tortion in the ab plane.

The change in intensities of the (1, 0, 5) and (0, 1, 5) mag-
netic Bragg peaks is a clear indication of Nd magnetic mo-
ment reorientation with temperature. The measured intensity
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ratio I105/I015 rapidly deviates from the calculated values for
Γ3 MR indicating that Γ3 alone cannot explain the unusual
temperature dependence. I105/I015 does not match with the
calculated value for the Γ2 MR so Γ2 cannot explain the ob-
servation as well. At 1.7 K< T ≤ TNd , the intensity of
the (0, 1, 5) magnetic peak is rapidly reduced while the peak
intensity at Q = (1, 0, 5) increases. At TNd ≤ T ≤ T ∗, a
flipping of the ratio I105/I015 occurs with the magnetic inten-
sity at Q = (1, 0, 5) larger than at Q = (0, 1, 5). Magnetic
intensities at Q = (h, 0, l) can be generated if the Nd moment
component becomes available in the a direction as in Γ6 and
Γ7 MRs in Table. I, and these MRs do not produce intensi-
ties at Q = (0, k, l). When the Nd magnetic structure is solely
Γ6 or Γ7, we would expect a zero intensity at Q = (0, k, l),
which is inconsistent with our observation at Q = (0, 1, 5).
Therefore, we can conclude that the Nd moment configura-
tion at 1.7 K < T ≤ T ∗ consists of Nd moment components
both in the a and c directions. In this compound, Fe orders
antiferromagnetically with the moments pointing along the a
direction.9,10,15 At T ≤ T ∗, the Fe moment is fully developed
(T � TFe ≈ 140 K) and is coupled to the Nd moment. This
coupling between Fe and Nd causes canting of the Nd moment
toward the Fe moment direction (the a direction) while the Nd
moment prefers to align in the c direction at T = 1.7 K.

IV. CONCLUSION

In summary, we have studied the magnetic structure of the
NdFeAsO compound using XRMS measurements. We find

that the Nd moments are aligned along the c direction, and
are arranged antiferromagnetically along the a direction and
ferromagnetically along the b and c directions with the Γ3

magnetic representation at low temperature (T = 1.7 K). We
find an interesting temperature dependence so that two mag-
netic reflections behave differently with temperature. Our
representation analysis shows that the Nd moments are re-
oriented toward the a direction in the intermediate temper-
ature range (1.7 K< T ≤ 15 K). The unusual temperature
dependence and the Nd moment reorientation are due to a
strong interaction with the Fe moments. It is interesting to
note that among REFeAsO based superconductors (especially
with known magnetic structures), Nd and Sm compounds, in
which the moments are ordered along the c axis, show higher
superconducting transition temperature than the Ce compound
which has moments perpendicular to the c axis.
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