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High-energy spin fluctuation in 
low-Tc iron-based superconductor 
LaFePO0.9
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Spin fluctuations are widely believed to play an important role in the superconducting mechanisms of 
unconventional high temperature superconductors. Spin fluctuations have been observed in iron-based 
superconductors as well. However, in some iron-based superconductors such as LaFePO0.9, they have 
not been observed by inelastic neutron scattering (INS). LaFePO0.9 is an iron-based superconductor 
with a low superconducting transition temperature (Tc = 5 K), where line nodes are observed in the 
superconducting gap function. The line-node symmetry typically originates from sign reversal of the 
order parameter in spin-fluctuation-mediated superconductivity. This contradiction has been a long-
standing mystery of this superconductor. Herein, spin fluctuations were found at high energies such as 
30–50 meV with comparable intensities to an optimally doped LaFeAs(O, F). Based on this finding, the 
line-node symmetry can be explained naturally as spin-fluctuation-mediated superconductivity.

In iron-based superconductors, superconductivity appears in the vicinity of an antiferromagnetic (AF) phase and 
a structural phase transition from tetragonal to orthorhombic phases. Therefore, spin and multi-orbital dynamics 
are believed to play an important role in the superconducting mechanisms1–4. The spin dynamics have been stud-
ied intensively by inelastic neutron scattering (INS)5. In the superconducting states, magnetic resonance modes 
have been observed in the INS spectra of iron-based superconductors6–9. Based on the doping dependence, the 
magnetic resonance energies are closely correlated with the superconducting gap energies10–13. The low-energy 
spin dynamics are well explained by the Fermi surface nesting model14,15. On the other hand, neither the magnetic 
resonance mode nor the spin fluctuation itself have been observed in the low superconducting transition tem-
perature (Tc) iron-based superconductor LaFePO1−y

16. LaFePO1−y is the first superconductor discovered among 
the iron-based pnictogen compounds17. Low-energy spin dynamics have also been studied by nuclear magnetic 
resonance, suggesting that there are no AF spin fluctuations18. The spin fluctuations are also strongly suppressed 
on highly-doped LaFeAs(O, F) and Ba(Fe,Co)2 As2

19,20. The suppression of low-energy spin fluctuations in both 
LaFeAs(O, F) and Ba(Fe,Co)2 As2 is explained by the poor nesting condition between Fermi surfaces (FSs) at Γ 
and M points caused by the disappearance of hole FSs with increased electron doping15. After the disappearance 
of hole FSs, the spin fluctuation energies are expected to increase due to the necessary energy for electron-hole 
excitation between the two bands21. A theoretical calculation based on a combination of density functional the-
ory (DFT) and dynamical mean field theory (DMFT) successfully reproduced the effective band width of mag-
netic excitations of NaFeAs in a wide energy range22. According to theoretical calculation, spin fluctuations are 
expected to exist only above 30 meV for LaFePO23. The pnictogen height (hPn) of LaFePO is relatively low (1.14 Å) 
compared to that of BaFe2As2 (1.37 Å), resulting in a wide band width of the magnetic excitations in LaFePO. This 
is expected to result in a weak INS intensity at high energies23.
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The parent stoichiometric material LaFePO1.0 exhibits no superconductivity, long range magnetic order, or 
structural phase transition24. Nevertheless, electron-doped LaFePO1−y shows line-node symmetry revealed by 
the temperature dependence of the magnetic penetration depth and thermal conductivity measurements25,26. 
The line-node symmetry of the sign-reversing order parameter reminds us of the intervention of the magnetic 
fluctuation. Therefore, it is intriguing that there is no magnetic order in the parent material of LaFePO1.0 in con-
trast to LaFeAsO1.0. Consequently, it is quite important to obtain dynamical information on the spin fluctuations 
of LaFePO0.9 in a wide energy range to examine the effects of the spin fluctuation on the superconductivity with 
line-node gap symmetry.

Inelastic neutron scattering measurements have been performed on powder samples of LaFePO0.9 with 
Tc = 5 K and optimally doped LaFeAsO0.918F0.082 (LaFeAsOF) with Tc = 29 K as a reference. They were character-
ized by magnetic susceptibility and X-ray diffraction measurements as shown in Fig. 1. In this paper, we demon-
strate that spin fluctuation has been clearly observed in low-Tc LaFePO0.9 (Tc = 5 K) in the range of 30–50 meV 
with similar intensities to the optimally doped LaFeAsO0.918F0.082 at the normal state (non-superconducting state), 
suggesting the universality of the correlation between line-node symmetry and spin fluctuations.

Results
The constant-energy (E) cuts of the dynamical structure factor S(Q, E) at each momentum and energy transfer 
(Q and E) for LaFePO0.9 and the optimally doped LaFeAsOF at 30 K are shown in Fig. 2. The low-Q region is 
limited by a kinematic condition with the incident and final wave vectors. For low-energies ranging from 9 to 
15 meV, the spin fluctuation is clearly observed only for the optimally doped LaFeAsOF as a peak at about 1.1 Å−1, 
corresponding to the Q = (π, 0) position in the reduced tetragonal unit cell with a ~ 2.8 Å where the AF fluctua-
tion is commonly observed19,27,28. The 2-dimensional spin fluctuation is expected to appear as a magnetic rod in 
the Q space. The magnetic rod intensity rapidly decreases with increasing Q due to the magnetic form factor of 
Fe2+. Although the magnetic rod signal has a small tail at a higher Qposition after averaging the Debye ring, the 
signal can be approximated as a single Gaussian peak due to the broad width. For LaFePO0.9, the peak is strongly 
suppressed compared to that of LaFeAsO0.918F0.082. The magnetic resonance mode is expected to be at 2.4 meV in 
LaFePO0.9 based on the simple linear dependence of the energy on Tc

10–12.
Even at energies below 3 meV, spin fluctuations and the magnetic resonance mode in LaFePO0.9 were not 

observed in Disk Chopper Time-of-Flight Spectrometer, IN5, and Cold Neutron Triple-Axis Spectrometer, 
CTAX, (See the Supplementary Information). These results are consistent with a previous report for LaFePO16.

At high energies, however, a spin fluctuation in LaFePO0.9 was found as shown in Fig. 3. One may suspect 
that the signal may be originated by phonons. However, the difference between phonon and magnetic signals 
can be distinguished by the Q and T dependences of the intensity. For the Q dependence, 2-dimensional spin 
fluctuations are expected to appear as magnetic rods at various Q positions such as (π, 0), (π, 2 π), (3 π, 0), (3 π, 
2 π), etc., due to the periodicity of Brillouin zone28. As shown in Fig. 3, the first peak of Q = (π, 2 π) appeared at 

Figure 1. Magnetic susceptibilities (a) and X-ray diffraction patterns (b) of measured powder samples of 
LaFePO0.9 and LaFeAsO0.918F0.082. Zero field cooling (ZFC) and field cooling (FC) processes are shown in (a) 
by arrows with solid and broken lines, respectively. The diffraction pattern of LaFePO0.9 is vertically shifted for 
clarity.



www.nature.com/scientificreports/

3SCieNTifiC RepoRts |         (2018) 8:16343  | DOI:10.1038/s41598-018-33878-x

Q = 2.6 Å−1, whereas the second peak of Q = (3 π, 0) appeared at Q = 3.4 Å−1. The intensity depends on the mul-
tiplicity and the magnetic form factor of Fe2+. In the case of LaFePO0.9, the intensity ratio of (π, 2 π) to (3 π, 0) 
becomes about 4. The expected small peaks were observed at around 3.4 Å−1 in Fig. 3 including LaFeAsO0.918F0.082. 
The intensity ratio and the peak width were fixed in the fits in Fig. 3. In addition, the magnetic inelastic signals 
are usually observed along the transverse directions (e.g. K direction at (1,0)) to the in-plane scattering vector28. 
This has been attributed to the strong inter-band scattering along the longitudinal direction29. Because of the 
present powder data averaging along the Debye ring, peak broadening due to the dispersion was mainly observed 
at Q = 2.6 Å−1 in Fig. 3 28. The fitted intensities of the constant-E cuts of Fig. 2 at Q ~ 1.1 Å−1, and Fig. 3(a,c) at 
Q ~ 2.6 Å−1 were converted to χ”(E) by using Bose factor, multiplicity, and magnetic form factor of Fe2+, as shown 
in Fig. 4.

For the temperature dependence, magnetic signals usually become weak at high temperatures mainly due to 
the shortening of lifetime. On the other hand, phonon intensity simply increases with increasing temperature 
based on the Bose factor. Figure 3 shows the spin fluctuations in LaFePO0.9 measured at T = 30 and 300 K. Based 
on the Bose factors in the E range, the intensities at T = 300 K should increase by factors ranging from 1.11 to 1.46 
compared to those at T = 30 K. Contrarily, all the intensities decreased with increasing temperature by factors 
ranging from 0.00 to 0.82. In addition to the two peaks in the INS pattern, this opposite temperature dependence 
strongly supports that the observed signals are originated from spin fluctuations.

Discussion
Any strong AF spin fluctuations have not been observed previously for both LaFePO0.9 and the optimally doped 
LaFeAsOF in the nuclear spin relaxation rate 1/T1T of nuclear magnetic resonance (NMR) measurements18,30,31. 
Here, by using INS, they were observed at high energies. For LaFePO0.9, there is a large energy gap greater than 
12 meV in the χ”(E). This energy dependence is consistent with a theoretical calculation by DFT + DMFT23, 
in addition to there being no enhancement of the nuclear spin relaxation rate 1/T1T of NMR measurements. 
This can also be explained by the wide effective band width of the magnetic excitations from the relatively low 
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Figure 2. Constant-E cuts of the dynamical structure factor S(Q, E) at T = 30 K for (a) LaFePO0.9 and (b) 
LaFeAsO0.918F0.082. The peak width, full width at half maximum (FWHM), for each fit is fixed to be 0.35 Å−1. 
The Q resolution at Q ~ 1.1 Å−1 is less than 0.12 Å−1, which is much smaller than the observed widths. Scattering 
patterns are vertically shifted for clarity.
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pnictogen height in LaFePO0.9. The observed intensity of χ”(E) in LaFePO0.9 at 30–50 meV is greater than that of 
the optimally doped LaFeAsO0.918F0.082. These strong spin fluctuations are consistent with line-node symmetry in 
spin-fluctuation-mediated superconductors25,26.

On the other hand, the spin fluctuations in the optimally doped LaFeAsOF have a much lower energy component, 
as shown in Fig. 4. It is intriguing to point out that the absolute value of χ”(E) at about 20 meV (~3 Ve FeB
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Figure 3. Constant-E cuts of the dynamical structure factor S(Q, E) in the energy range from 30 to 60 meV 
for (a) LaFePO0.9 at T = 30 K, (b) LaFePO0.9 at T = 300 K, and (c) LaFeAsO0.918F0.082 at T = 30 K. The solid lines 
are fits with fixed intensity ratios. The FWHMs are fixed to be 0.5 Å−1 at (π, 2 π) and 0.35 Å−1 at (3 π, 0). The 
latter width is fixed based on the width at (π, 0). The Q resolution at Q ~ 2.6 Å−1 is less than 0.25 Å−1 and that 
at Q ~ 3.4 Å−1 is less than 0.18 Å−1, which is much smaller than the observed widths. Scattering patterns are 
vertically shifted for clarity.

Figure 4. Momentum-integrated dynamical spin susceptibility χ”(E) for LaFePO0.9 (red filled circles) and 
LaFeAsO0.918F0.082 (blue filled circles). All the points were measured at the normal state of T = 30 K. The solid 
and broken lines are guides for the eye.
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LaFeAsOF is also very similar to the value ~3 µ − −Ve CuB
2 1 1 of La1.84Sr0.16CuO4

32 (in addition to having similar Tc value) 
although their electronic structures, i.e., single and multiorbitals, are very different. This similarity can be a hint for 
these unconventional superconductivity from the spin fluctuation point of view.

The existence of low-energy spin fluctuations may be related to the proximity to the AF parent compound with a 
structural phase transition. For the LaFeAsOF system, the low-temperature enhancement of 1/T1T is observed only 
in the vicinity of the AF ordered phase. Upon electron doping, the enhancement is rapidly suppressed, suggesting an 
energy gap in χ”(E) at low energies31. The AF spin fluctuations, however, are found here to persist at high energies in 
this work. The low-E spin fluctuation below 10 meV seems to disappear depending on the material parameter, U/W 
(electron-electron correlation energy, U, and electronic band width, W) by increasing the doping or W. The detailed 
structure of χ”(E) has some discrepancies from DFT + DMFT calculation. For example, the observed peak structure 
at 30–50 meV in LaFePO0.9 (Fig. 4) does not appear in the calculation. In addition, according to the calculation, the 
intensity for LaFePO is one order of magnitude smaller than that of LaFeAsO. Therefore, it is necessary to study in 
details how the energy dependence of the spin fluctuations depends on the material parameters experimentally.

Methods
Polycrystalline samples of LaFePO0.9, and LaFeAsO0.918F0.082 were prepared by a solid-state reaction method. LaP, 
LaAs, Fe2O3, Fe, and FeF2 powders were used as the starting materials. LaP(As) was obtained by reacting La powders 
and P (As) grains in an evacuated quartz tube at 500 °C for 5 h and then 700 °C (850 °C) for 10 h. The starting materi-
als were ground with the nominal compositions LaFePO0.9 and LaFeAs(O0.9F0.1)0.9 using agate mortar and then were 
pressed into pellets. Note that the molar ratio of (O1−xFx)0.9 is lower than the stoichiometry because of partial oxida-
tion of the precursor. They were then sintered for 10 h in an evacuated quartz tube at a sintering temperature 1250 °C 
for LaFePO0.9 and 1100 °C for LaFeAsO1−xFx. The heating rate was kept below 50 °C/h to prevent the explosion of the 
quartz tube due to the sudden increase of the P(As) vapor pressure. All the processes were performed in a glove box 
filled with nitrogen or helium gas. The actual fluorine content of LaFeAsO1−xFx was determined by Secondary Ion 
Mass Spectrometry19 to be 0.082. X-ray diffraction patterns were measured using Cu K α radiation (Rigaku RINT 
1100), and the observed peaks were indexed to the tetragonal ZrCuSiAs-type (so-called 1111-type) structure with 
space group of P4/nmm and the lattice parameters were a = 3.955 Å and c = 8.504 Å for LaFePO0.9 and a = 4.026 Å 
and c = 8.724 Å for LaFeAsO0.918F0.082 as shown in Fig. 1(b). The dc magnetic susceptibility was measured using a 
SQUID magnetometer (MPMS, Quantum Design Inc.) under a magnetic field of 5 Oe. As shown in Fig. 1(a), the Tc 
values were determined to be 5 K for LaFePO0.9 and 29 K for LaFeAsO0.918F0.082. Among three samples of LaFePO1−y 
with different initial oxygen contents (y = 0.0, 0.1, 0.2), the largest superconducting shielding volume fraction of 
~100% was observed for y = 0.1. On the other hand, the stoichiometric compound, LaFePO1−y (y = 0.0) showed no 
superconductivity, which is consistent with a previous report24.

INS measurements were carried out using three spectrometers for high- and low- energy region complemen-
tally. High-energy measurements were performed using a Fermi chopper spectrometer, 4D-Space Access Neutron 
Spectrometer (4SEASONS), BL01, in Materials and Life Science Experimental Facility (MLF), Japan Proton 
Accelerator Research Complex (J-PARC). The incident energies of Ei = 45.5 and 150 meV were employed with the 
multi-Ei method33,34. The energy resolutions are 3.2 and 18.0 meV for Ei = 45.5 and 150 meV at around E = 0 meV, 
respectively. These values were obtained by estimating the full width at half maximum (FWHM) of the incoherent 
scattering around zero-neutron energy transfer. The measurement time and the sample weight are 11.5 h and 25 g, 
respectively, for LaFePO0.9 and 22 h and 25 g, respectively, for LaFeAsO0.918F0.082 at a beam power of 280 kW. To 
access the low-E region corresponding to the expected magnetic resonance energy of about 2 meV of LaFePO0.9, 
Cold Neutron Triple-Axis Spectrometer (CTAX) at High Flux Isotope Reactor (HFIR) in ORNL and Disk Chopper 
Time-of-Flight Spectrometer IN5 in ILL were used. The measured transferred energy ranged from 1.0 to 3.0 meV at 
CTAX and the neutron wavelength was λ = 4.5 Å at IN5. The same 34 g sample was split into 14 g and 20 g for each 
spectrometer. For both measurements, orange cryostats were used to access low temperatures down to 1.5 K.

The constant-E plots were fit by Gaussian functions with constant, linear and quadratic functions as back-
grounds. The absolute value of dynamical structure factor, S(Q, E), is normalized by the Bragg peak intensity at 
(002). We also confirmed that the absolute value of the S(Q, E) obtained by using another method of vanadium 
normalization coincided within 10%. The dynamical spin susceptibility is estimated as an isotropic spin fluctua-
tion35. Utsusemi software was used for data analysis of the data sets obtained at 4SEASONS36.
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