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Superconductivity and magnetic transition in SmFePO were examined by electric, magnetic, 57Fe Möss-
bauer, and 149Sm nuclear resonant forward-scattering �NRFS� measurements. Zero resistivity and negative
magnetic susceptibility were observed in an undoped SmFePO, indicating superconducting transition tempera-
ture �Tc� of �3 K. Tc in undoped SmFePO appears in a narrow region of lattice constants with an optimum
conductivity. Furthermore, in relation to magnetic susceptibility, NRFS spectra verify that magnetic moments
of Sm3+ ions order antiferromagnetically below magnetic transition �5 K, accompanying a discontinuous
drop in electrical resistivity, whereas 57Fe Mössbauer spectra show that magnetic moments of Fe are quenched.
These results indicate the coexistence of superconductivity and magnetic ordering in a crystallographic unit
cell of SmFePO.

DOI: 10.1103/PhysRevB.78.184512 PACS number�s�: 74.25.Fy, 74.25.Ha, 74.25.Jb, 79.60.�i

I. INTRODUCTION

In conventional superconductors, magnetic impurities at a
level of �1 at %, which partially occupy specific crystallo-
graphic sites, strongly suppress superconductivity.1 There-
fore, exceptional superconducting compounds whose specific
crystallographic sites are occupied by magnetic elements
�LnMo6S8 �Ln=Gd,Tb,Dy,Ho,Er� �Refs. 2 and 3� and
LnRh4B4 �Ln=Nd,Sm,Er,Tm� �Refs. 2 and 4�� were called
exotic or “magnetic superconductors” for several decades.
However, a considerable number of magnetic super-
conductors5,6 have been found, including high-Tc super-
conductor LnBa2Cu3O7−� �Ln=Y,La,Nd,Sm,Eu,Gd,Ho,
Er,Lu� �Ref. 7� and electron-doped high-Tc superconductor
Ln2−xCexCuO4 �Ln=Pr,Nd,Sm�.8 The recently found
high-Tc superconductor family of F-doped LnFePnO �Ln
=La,Ce,Pr,Nd,Sm,Gd,Tb,Pn=P,As� �Refs. 9–16� is con-
sidered to be a member of this category because antiferro-
magnetic ordering of magnetic moments of rare-earth ions is
reported for superconducting F-doped LnFeAsO �Ln
=Ce,Nd,Sm�.17 The crystals have a common layered struc-
ture belonging to the tetragonal P4 /nmm space group and
are composed of an alternate stack of LnO and FePn layers
�Fig. 1�. The FePn layer contributes to a dominant carrier
conduction path, whereas the LnO layer acts as a carrier
blocking layer.18 The undoped LnFeAsO shows a phase tran-
sition from tetragonal to orthorhombic phase at �160 K.19

The transition probably correlates with the antiferromagnetic
ordering of iron because both the crystallographic and mag-
netic transitions vanish with the emergence of super-
conductivity.20 On the other hand, although a finite magnetic

interaction exists between carriers and the magnetic mo-
ments of Ln ions, it does not affect Tc.

21 Further, such rela-
tionships between magnetism and Tc are not reported for
LnFePO.

In this study, we examine superconducting and magnetic
properties of SmFePO based on electrical and magnetic mea-
surements as well as conventional Mössbauer spectroscopy
�MS� �Ref. 22� and nuclear resonant forward-scattering
�NRFS� spectroscopy.23,24 The MS and NRFS spectroscopies
are sufficiently sensitive to examine the state of 57Fe and
149Sm nuclei, making it possible to measure internal mag-
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FIG. 1. �Color online� �a� Crystal structure of SmFePO. The
light blue box represents the unit cell. FeP4 units are shown as gray
tetrahedra. �b� Schematic electrical conduction in SmFePO. Con-
ducting carriers �probably electrons� mainly flow in the tetragonal
sublattice built by Fe. Sm ions have a localized magnetic moment
�represented by arrows�. A finite magnetic interaction indicated by a
slashed arrow exists between carriers and the magnetic moments of
Ln ions.
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netic fields �Hint� acting on both nuclei independently. There-
fore, we can obtain the site-specific magnetic states of Fe and
Sm with certainty. Furthermore, it is of interest whether the
low Tc of undoped LaFePO �2.4–5.5 K� �Ref. 25� increases
or not by substituting Sm3+ at the La3+ ion sites. We also
analyze possible factors affecting the observed scatter in Tc
including electrical resistivity and lattice constants.

II. EXPERIMENT

Polycrystalline samples were prepared by solid-state reac-
tions using dehydrated Sm2O3 and a mixture of compounds
composed of SmP, Fe2P, and FeP �SmP-Fe2P-FeP powder� as
starting materials. The dehydrated Sm2O3 was prepared by
heating commercial Sm2O3 powder �Kojundo Chemical;
99.9%� at 1000 °C for 5 h in air. To obtain the mixture of
compounds, Sm �Nilaco; Sm with purity 99.9%�, Fe �Ko-
jundo Chemical; �99.9%�, and P �Rare Metallic Chemical;
99.999%� were mixed in a ratio of 1:3:3 and heated at
700 °C for 10 h in an evacuated silica tube. Then, a 1:1
mixture of the two compound powders was heated in an
evacuated silica tube at 1200 °C for 40 h to prepare a sin-
tered pellet. To prevent a collapse of the silica tube used in
the reaction, the tube was filled with high-purity Ar gas with
a pressure of 0.2 at room temperature.

The phase purity, lattice constants, and crystal structure of
the sintered powders were examined by powder x-ray dif-
fraction �XRD� �Bruker D8 Advance TXS� using Cu K�
radiation from a rotating anode with the help of the Rietveld
refinement using Code TOPAS3.12.26 dc electrical resistivity
��� was measured by a four-probe technique using a Au elec-
trode at temperatures from 1.8 to 300 K. Magnetization mea-
surements were performed with a vibrating sample magneto-
meter �Quantum Design� in the same temperature range. 57Fe
Mössbauer spectroscopy was performed at temperatures
from 2.2 to 298 K. NRFS spectra were taken at the BL09XU
beamline of SPring-8. The storage ring was operated in a
203-bunch mode, providing a bunch distance of 23.6 ns. Un-
dulator radiation was monochromatized to the bandwidth of
1.5 meV �full width at half maximum� with a high-resolution
monochromator consisting of asymmetric Si �4 4 0� and Si
�16 8 8� at the nuclear resonance energy �22.507 keV� of
149Sm. NRFS was measured using a multielement avalanche
photodiode detector. A time-delayed component of 149Sm
NRFS, monitored at times from 3 to 16 ns, was measured at
temperatures from 3 to 180 K. Time spectra of 149Sm NRFS
were measured at 3 and 150 K. The MOTIF package was used
for the analysis of the NRFS data.27

III. RESULTS

A. Structural characterization

Figure 2 shows a representative powder XRD pattern of
SmFePO. Almost all the diffraction peaks are assigned to
those of the SmFePO phase, indicating that the sample is
composed of almost a single SmFePO phase, although there
are several minor peaks attributable to normal conducting
FeP, Fe2P, and insulating Sm2O3 �indicated by the positions
of the Bragg diffractions in the figure�.28–30 Lattice constants

�a ,c� and atomic positions �z� for the sample in Fig. 2 that
were obtained from the Rietveld refinement �Rwp=8.23%�
�Ref. 26� are a=3.880 69�5�, c=8.2054�1�, and z
=0.14 502�9� for Sm, and z=0.6423�4� for P. The lattice pa-
rameters exhibit a large scatter �a=0.3878�0.0004 nm and
c=0.8206�0.0004 nm� among samples prepared by similar
procedures. The scattering presumably results from the com-
positional variation or nonstoichiometry of the samples.
Variations in the lattice constants lead to a change in Tc,
which is discussed in Sec. IV.

B. Electrical properties

Figure 3 shows temperature �T� dependence of � for six
samples. The inset shows expanded �–T curves of a
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FIG. 2. �Color online� XRD patterns of SmFePO observed �red
circles� and simulated by Rietveld analysis �red line�. The black line
represents the difference between the two. The vertical bars at the
bottom represent the calculated positions of Bragg diffractions of
SmFePO, Sm2O3, Fe2P, and FeP.
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FIG. 3. �Color online� Temperature �T� dependence of electrical
resistivities ��� for SmFePO under a magnetic field �H� of 0 Oe.
The bold �–T curve corresponds to the lowest-� sample. The inset
shows �–T curves for the lowest-� sample under H=0, 1000, and
10 000 Oe below 10 K. The arrow indicates a kink in the curve.
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SmFePO sample that shows the lowest � under several mag-
netic fields at temperatures below 10 K. All the samples
show metallic conduction in the normal conducting state. As
seen in the inset, � of the lowest-� SmFePO shows a sharp
decrease with T and becomes zero below 2 K, whereas the
other samples do not exhibit zero resistivity, which is due to
the superconducting transition and is confirmed by the mag-
netization measurement �Sec. III C�. Tc is defined as a tem-
perature where � is half of that at 6 K ��6 K�. A discontinu-
ous drop �kink� is observed in the �–T curve around 5 K,
indicated by an arrow in the inset. The kink temperature is
almost insensitive to applied magnetic field �H� while Tc
decreases with the increasing field strength.

C. Magnetic properties

Figure 4 shows T dependence of the molar magnetic sus-
ceptibility ��mol� for the lowest-� SmFePO. The inset shows
magnetization �Mmol� versus magnetic-field �H� curves for
several temperatures from 1.8 to 7 K. The �mol values are
obtained from a linear fit in low H �H�2 Oe�. �mol reaches
about 20% of the perfect diamagnetic susceptibility, which
substantiates the bulk superconductivity of SmFePO. Figure
5 shows temperature dependence of Mmol /H under a fixed
magnetic field of 10 000 Oe from 2 to 300 K. Mmol /H is
practically equal to �mol in this temperature region because a
linear Mmol–H relation is observed. The �mol values are of
the order of 10−3 emu showing a maximum at T= �5 K.
The maximum is probably due to a magnetic transition �TN�
from paramagnetic to antiferromagnetic phases. We decom-
posed the �mol–T curve from 5 to 300 K into two compo-
nents: a Curie-Weiss term �C / �T−	�� and a weakly
temperature-dependent paramagnetic term, which is com-
posed of Pauli paramagnetism,31 van Vleck paramagnetism,
and core electron diamagnetism. The Curie-Weiss term,
shown by the red curve in the lower part of the figure, is
plotted as the Curie-Weiss relationship in the inset. An ap-
parent magnetic moment is calculated to be 0.37
B /Sm from
the slope, which is in accordance with that of the Sm3+ ion.32

D. 57Fe Mössbauer spectroscopy

Figure 6 shows 57Fe Mössbauer spectra of SmFePO at
temperatures from 298 to 2.2 K. Each spectrum appears to be
dominated by a singlet pattern although several weak peaks,
indicated by arrows in the figure, are observed at 2.2 K. The
weak peaks may be attributed to the magnetic impurity
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FIG. 4. �Color online� Molar magnetic susceptibility ��mol� of
the lowest-� sample of SmFePO as a function of temperature. The
value of �mol was obtained from the slope of a straight-line fit in the
inset. The dotted line denotes the perfect diamagnetism ��mol

=−2.96 emu� for SmFePO. The inset shows molar magnetization
�Mmol� versus magnetic field �H�.
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FIG. 5. �Color online� Molar magnetic susceptibility ��mol

=Mmol /H� as a function of temperature �T� measured. Measure-
ments were performed at a fixed magnetic field �H� of
10 000 Oe�blue line�. Ferromagnetic impurity-free sample is em-
ployed. The blue curve is decomposed into the temperature sensi-
tive Curie-Weiss ��CW� term and the slightly sensitive term, which
originated from the Pauli paramagnetism ��PP�, van Vleck paramag-
netism ��VVP�, and the core electron diamagnetism ��dia�. �PP

+�VVP+�dia may be provided by �0�1+cT2�, ��0=1.88
�10−3 emu /mol, c=−5.50�10−7 /K2�. The inset shows the
Curie-Weiss plot of �CW.
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FIG. 6. �Color online� 57Fe Mössbauer spectra �open circle� of
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Solid lines show the fitted singlet patterns. Arrows indicate minor
peaks arising from a magnetic splitting due to impurity phases.
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phases.33 The singlet patterns, where internal magnetic fields
�Hint� of Fe are too weak to be detected, indicate that the
magnetic moments are quenched. On the other hand, the
isomer-shift value is 0.28 mm/s at 298 K, which is almost
equal to that of the undoped LaFePO.34

E. 149Sm nuclear resonant forward-scattering spectroscopes

Figure 7 shows temperature dependence of the delayed
NRFS intensity of 149Sm of the superconducting SmFePO.
The NRFS intensity shows a minimum at �5 K, which in-
creases rapidly with a further decrease in temperature. The
minimum is a result of the appearance of a hyperfine mag-
netic field35 and can be attributed to the antiferromagnetic
ordering of the magnetic moments of Sm3+ in SmFePO be-
cause the temperature of the minimum agrees with TN.

Figure 8 shows time-resolved spectra of the NRFS inten-
sity at 150 and 3 K. The spectrum at 150 K consists mainly
of a “dynamical beat24” related to the effective thickness of
the sample with a small quadrupole splitting component. On

the other hand, in the spectrum at 3 K, a complex structure
superposing on the dynamical beat was observed. The struc-
ture can be attributed to a “quantum beat,” which results
from the hyperfine splitting of Sm nuclear ground and ex-
cited states. The splitting is mainly due to Hint produced by
Sm electronic states.24,36 Hint of Sm was evaluated to be
351.5�3� tesla at 3 K. Thus, the existence of the quantum beat
gives a direct evidence for magnetic ordering of Sm3+. To-
gether with the observation of the �mol maximum in the
�mol–T curves at �5 K, it leads to the conclusion that the
magnetic moments of Sm ions order antiferromagnetically
below T=5 K. Assuming that the magnetic exchange and
crystal field are negligible compared to the spin-orbit inter-
action, the magnetic moment was estimated to be
�0.74
B /Sm.37 The value is larger than that obtained using
the Curie-Weiss plot, which was 0.37
B /Sm. This discrep-
ancy may be ascribed to a magnetic screening due to the
combined effects of the crystalline field and magnetic ex-
change effects.

IV. DISCUSSION

We discuss the possible factors that influence Tc using the
electrical conductivity and lattice constants. Figure 9�a�
shows the expanded �–T curves below 7 K, where tempera-
tures of discontinuous drops being accompanied with TN are
shown by arrows. Only two samples show the superconduct-
ing transition at �3 K, and the electrical resistivity at 6 K
��6 K� changes widely among the samples from 18 to
542 
� cm, whereas the variation in TN is relatively small.

To clearly demonstrate this view, the Tc and TN values of
the SmFePO samples are plotted against 1 /�6 K in Fig. 9�b�.
It is further observed that only samples with conductivity
�2�104 S cm undergo superconducting transitions above
1.8 K. A similar character was observed in undoped
LaFePO.25 The amounts by which the resistivity decreases at
the kink temperature �i.e., TN of Sm3+� are also plotted as a
function of 1 /�6 K in Fig. 9�c�. 
�TN behaves similarly to Tc
against 1 /�6 K, implying whether the carrier density or car-
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FIG. 7. �Color online� Temperature �T� dependence of the NRFS
intensity �I� of 149Sm in SmFePO. The inset shows an expanded
graph below 10 K.
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FIG. 8. �Color online� Time resolved spectra of the nuclear reso-
nant forward scattering emitted from 149Sm in SmFePO. The spec-
tra are measured at �a� 150 and �b� 3 K.
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rier mobility is the dominant factor for controlling 
�TN.

�TN is probably equal to the strength of the finite magnetic
interaction between conducting carriers and the magnetic
moments of Ln ions. The finite magnetic interaction is rais-
ing Tc instead of lowering it.

Finally, we discuss the relationship of TN and Tc with the
lattice constants. Figure 10 shows the Tc values of the
samples as a function of the lattice constants. Differences in
the lattice parameters must represent some differences in
composition or stoichiometry of the SmFePO. Although the

lattice constants were scattered among the samples, the su-
perconducting samples show very small scattering in the lat-
tice constants �a=0.3880 nm and c=0.8205 nm�. Tc in the
undoped SmFePO appears in a narrow region of lattice con-
stants with an optimum conductivity. On the other hand, the
lattice constants have a little influence on TN.

V. CONCLUSIONS

SmFePO exhibits Tc below �3 K and TN at �5 K, indi-
cating the coexistence of magnetic and superconducting
phases below �3 K. Tc decreases sharply with a variation in
the lattice constants among the samples, whereas TN is insen-
sitive to the variation.

Resistivity shows a discontinuous decrease around TN, in-
dicating that a finite magnetic interaction exists between car-
riers and the magnetic moments of Ln ions. The degree of
the decrease is well correlated with the variation in Tc.

57Fe Mössbauer spectra verify that the magnetic moment
of Fe is almost quenched in the range of 2.2–298 K. On the
other hand, the magnetic moment of Sm is estimated to be
0.37
B from the Curie-Weiss fitting, while a value of 0.74
B
is obtained in the antiferromagnetic phase from the time
spectra of the NRFS emitted from 149Sm.
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