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Identifying the uniqueness of FeP-based superconductors may shed new lights on the mechanism of superconductivity
in iron-pnictides. Here, we report nuclear magnetic resonance (NMR) studies on LiFeP and LiFeAs which have the same
crystal structure but different pnictogen atoms. The NMR spectrum is sensitive to inhomogeneous magnetic fields in the
vortex state and can provide the information on the superconducting pairing symmetry through the temperature dependence
of London penetration depth A; . We find that A saturates below T ~ 0.2 T, in LiFeAs, where T is the superconducting
transition temperature, indicating nodeless superconducting gaps. Furthermore, by using a two-gaps model, we simulate
the temperature dependence of A and obtain the superconducting gaps of LiFeAs, as A; = 1.2 kgT; and Ay =2.8 kgT¢, in
agreement with previous result from spin-lattice relaxation. For LiFeP, in contrast, 41, does not show any saturation down
to T ~ 0.03 T, indicating nodes in the superconducting gap function. Finally, we demonstrate that strong spin fluctuations
with diffusive characteristics exist in LiFeP, as in some cuprate high temperature superconductors.

Keywords: iron-based superconductor, nuclear magnetic resonance, superconducting pairing symmetry, spin

fluctuations
PACS: 74.70.Xa, 74.25.nj, 74.20.Rp, 75.40.Gb

1. Introduction

As the second class of high-temperature superconduc-
tors, iron-based superconductors were discovered more than
one decade ago.!!! But its superconducting pairing mecha-
nism is still unclear. The phase diagram of iron-pnictides
is very similar to that of the cuprates high-temperature su-
perconductor family.?! Antiferromagnetism and nematic or-
ders exist around the superconducting dome and both com-
pete with superconductivity in these two families.!®! There-
fore both spin and nematic fluctuations are suggested to be
candidates for the glue of the superconducting pairing.[*! Al-
though, the symmetry of the superconducting gap in cuprates
is believed to be d-wave,!>%! the situation is more complicated
for iron-pnictides. Firstly, there are multiple superconduct-
ing gaps as first evidenced by the spin-lattice relaxation rate
and the Knight shift,!”! instead of a single superconducting
energy gap in cuprates. Secondly, the gap symmetry is differ-
ent in different iron-based families. In FeAs-based supercon-
ductors, the superconducting gap is found to be isotropic and
fully-opened.!®'!] But for P-doped BaFe,As, which is equiv-

alently doped, previous studies suggest the existence of nodes
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12131 1f As is completely substi-

in the superconducting gaps.!
tuted by P, the pnictogen height above the iron plane will be-
come smaller, which is suggested to be an important factor in
the theory based on spin fluctuations.!'* Therefore, clarifying
the uniqueness of FeP-based superconductor can shed lights
on the mechanism of superconduting pairing in iron-pnictides.

LiFeP is a superconducting material with transition tem-
perature T, ~ 4.2 K.I3! Its crystal structure is identical to that
of LiFeAs (T, ~ 18 K),!'®! but the height of the P site is much
lower than that of As. Previous tunnel diode oscillator (TDO)
measurements found that the London penetration depth shows
a flat temperature dependence in LiFeAs but a linear temper-
ature dependence in LiFeP, suggesting nodeless and nodal su-
perconducting gaps, respectively.!!’l However, TDO measure-
ment is only sensitive to the change of penetration depth on
the surface of the sample which can be affected by disorder
or lattice distortion from the surface. Until now, no bulk mea-
surement on Ap has been done. NMR spectrum is sensitive
to inhomogeneous magnetic fields in the vortex state, from
which A of the bulk sample can be directly deduced.!'®!°]
Besides the properties of the superconducting state, the elec-
tron correlations in the normal state of LiFeP are also of inter-
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est. In most iron-based superconductors, strong spin fluctua-
tions have been observed,!!1?°-2] and quantum critical point
related to the magnetic order is suggested inside the super-
conducting dome.!'%?3 Unlike these compounds, a previous
NMR study at By =4.65 T has suggested that low-energy spin
fluctuations are very weak in LiFeP.**! However, for spin-
lattice relaxation rate 1/7; measurement, the NMR frequency,
which is related to the energy of spin fluctuations, can play
an important role. Therefore, 1/7; measurements at different
fields are needed in order to investigate intrinsic spin fluctua-
tions.

In this work, we investigate the superconducting gap sym-
metry of LiFeP and LiFeAs by detailed NMR studies of Lon-
don penetration depth A;. Nodal superconductivity is revealed
in LiFeP while LiFeAs is found to be a nodeless supercon-
ductor. For LiFeP, strong spin fluctuations with diffusive char-
acteristics are found by spin-lattice relaxation measurements,
which is similar to some cuprate superconductors.

2. Experiment

The LiFeAs single crystal and LiFeP polycrystal samples
were grown by the solid-state reaction and the self-flux meth-
ods, respectively.!>1%1 The 7> As spectra were obtained by in-
tegrating the spin echo as a function of frequency at 7.5 T.
The 3'P-NMR spectra were obtained by fast Fourier trans-
form of the spin echo. The pulse width is only 5 us in or-
der to cover the full spectrum. The 77 was measured by using
the saturation-recovery method, and obtained by a good fitting
of the nuclear magnetization to 1 — M (1) = Moe' /1, where
M(t) is the nuclear magnetization at time ¢ after the single sat-
uration pulse and My is the nuclear magnetization at thermal

equilibrium.

3. Results and discussion

3.1. London penetration depth in LiFeP: contrast with
LiFeAs

Figure 1(a) shows the 7>As-NMR central line at various
temperatures, which can be well fitted by a single Lorentz
function. By cooling down into the superconducting state,
the NMR line shifts to lower frequency and broadens almost
symmetrically. In the vortex state, the magnetic field By
penetrates into a sample in the unit of quantized flux ¢g =
2.07 x 10~ T-m?, thus the field becomes inhomogeneous,
leading to the observed broadening in Fig. 1(a). The shift of
the spectrum is due to the singlet pairing and diamagnetism
from the vortex-lattice formation. For B.; < By < B¢y, where
B and B, are the lower and upper critical fields, respectively,

the field distribution AB can be written as!?]

AB = 0.0609 2 (0

}VLZ’

which can be detected by the NMR spectrum broadening
In both

normal state and superconducting state, the spectra can be

Af = 1hAB , where ¥, is the gyromagnetic ratio.

well fitted by a single Lorentz function. Theoretically, the
NMR lineshape in the superconducting state should be asym-
metric due to inhomogeneous distribution of the magnetic
field. However, the shape we observed is rather symmet-
ric, which is in agreement with the previous NMR study on
NaFe;_,Co,As.l'819 Thig might be because the vortex-cores
have small random displacements from triangular lattice in a
2D layered system when the correlation between different lay-
ers is small. Such displacements will broaden the effective
core radius and truncate the high-field tail in the field distribu-
tion. Then the line will become more symmetric, like the case
in Bi;SryCaCu,0g, 5.1261 This can explain why the broaden-
ing in LiFeAs is rather symmetric, since iron-based supercon-

ductors are also quite 2D.
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Fig. 1. (a) > As-NMR spectra of LiFeAs at various temperatures with
magnetic field Bp = 7.5 T applied along c-axis. The spectra are fit-
ted by a single Lorentz function. (b) Temperature dependence of the
line broadening Af and London penetration depth A 2 of LiFeAs. The
black dashed curve represents the variation with temperature expected
for a conventional s-wave superconductor./?’! The red solid curve rep-
resents the simulation by the two-gaps model described in the text.

The full width at half maximum (FWHM) of a con-
volution of two Lorentzian functions is the sum of individ-
ual FWHMSs, so the broadening can be obtained by sim-
ply subtracting the T-independent width above T., Af =
FWHM(T) — FWHM(T > T;). In Fig. 1(b), we summarize
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the temperature dependence of Af and A 2 which start to sat-
urate below T ~ 0.2T;. By using Eq. (1), AL (T — 0) = 185 nm
is calculated , which is consistent with the result, A;, =210 nm,
obtained by small-angle neutron scattering (SANS).[?8) In the
London theory, A, 2 is proportional to the superconducting
carrier density 7 as!>!

m* 2
A 4me?Af’

where m* is the effective mass of the carriers. When the su-

2

perconducting correlation length is much smaller than Ay, the

superconducting carrier density 7, can be expressed as[?”!
~ ® n9f(E)N(E)
=1+2( dE 3
=142 [ apth T ©)

where 1 = ng(T)/ns(0), f(E) is the Fermi function, and N(E)
and Ny are the angle averaged superconducting density of
states and the normal density of states at the Fermi level, re-
spectively. For an s-wave superconductor, when the temper-
ature is lower than 0.57;, the change in the penetration depth

AL with respect to the zero temperature value is given by[*”)

MO [why (A
ORI 2hg‘“p(_kBT>’ @

where A is the zero temperature value of the superconducting

energy gap, and kg is the Boltzmann constant. One can im-
mediately see that A, 2 should be nearly temperature indepen-
dent at low temperatures (T < 0.4T;) for a conventional s-wave
superconductor,?”! as shown by the dashed line in Fig. 1(b)
which is distinct from our results. We therefore simulate our
results by assuming two s-wave gaps, A and A,. If the contri-
bution to the superfluid density for A; is , then it willbe 1 — &
for A;. The total superfluid density n is ang; + (1 — o)ng.

From Eq. (3), the superfluid density can be further expressed
[29]
as

f(E) E
OF JE A (T)

By this way, we simulate the temperature dependence of A f

®)

5U7:1+2/de8
A

as shown in Fig. 1(b). The parameters A} = 1.2kgT;, Ay =
2.8kpT:, and o = 0.85 are obtained. The two-gaps feature in
the superconducting state was also demonstrated by previous
spin-lattice relaxation measurements, *% in which a ‘knee’ be-
havior was observed in temperature-dependent 1/7;. From the
fitting by two s-wave gaps, A; = 1.3kgT; and A, = 3.0kgT; (30]
are obtained, which are in good agreement with the present re-
sults. We also note that A; = 1.6kgT; of hole-like Fermi sur-
faces and A, = 2.3kgT; of electron-like Fermi surfaces were
observed by a previous ARPES study in LiFeAs,!?! which
are also consistent with our results. Furthermore, the hole-
like Fermi surfaces were found to be larger than the electron-
like Fermi surfaces,*!! which is in agreement with our sim-
ulation that « is larger than 0.5. This means that the main

contribution to the quasi-particles in the superconducting state
is from the smaller superconducting energy gap A; that is of
hole-like Fermi surfaces. Namely, the superconducting en-
ergy gap on hole-like Fermi surfaces is smaller than the gap
on electron-like surfaces. This is in contrast to the situation in
the BaFe; As, family where the superconduting energy gap on
hole-like Fermi surfaces is larger.[”! It implies that the pairing
mechanism in LiFeAs is indeed unique.3?) More theoretical
studies in this regard are needed in the future.

Figure 2(a) shows the temperature dependence of the
resonance frequency of the NMR coil at various magnetic
fields. The superconducting transition temperature 7, of the
sample is found to be around 4.2 K at zero field, which is
similar to an earlier report determined by DC susceptibility

(151 Figure 2(b) shows the NMR spectrum mea-

measurements.
sured at T = 4.2 K by sweeping the magnetic field. We note
that only one peak is observed for both 3'P and "Li nuclei. The
total Hamiltonian for the nuclei with spin I can be expressed

as!33!

290

H = yhl.Hy(1+K) + 01T

[3(12 — I?)(3cos*6 — 1)], (6)
where K is the Knight shift, eq is the electric field gradient
(EFG) along the principle axis z, Q is the nuclear quadrupole
moment, and 6 is the angle between the magnetic field and the
principle axis of the EFG. For 3'P with I = 1/2, only one peak
is expected. For "Li with = 3/2, the NMR spectra should
contain three lines. The fact that only one peak can be ob-
served in our measurement is probably because the nuclear

34,35

quadrupole moment Q of "Li is very smalll3**! and the cen-

tral and satellite lines overlap.

LiFeP J,=8.61 MHz p,
T=42 K
g % ‘3113 ‘7Li
: wn
2 g
B, i
5 £
wn
i Z
] o
r 3 5 7 3.4 3.5 3.6
T (K) B (T)

Fig. 2. (a) Temperature dependence of AC susceptibility of LiFeP at var-
ious fields. (b) NMR spectrum of LiFeP obtained by sweeping the mag-
netic fields at 4.2 K. The solid curve is fitted by two Lorentz functions.

Figure 3 shows the temperature dependence of 3'P-NMR
spectra at By = 0.15 T. Similar to the observation in LiFeAs, a
symmetric line broadening and a shift to the lower frequency
below T are also observed in LiFeP. Above T = 1.2 K, we
used a short pulse-repetition time in order to average the 3'P
signal as much times as possible. As a result, ’Li NMR sig-

nal is not seen, which has a long relaxation time. Below
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T = 1.2 K, the spectrum was obtained by using a long pulse-
repetition time in order to avoid heating the sample up. So
a new peak is observed which is contributed from 7Li nu-
Since the FWHM of a convolu-
tion of two Guassian functions is the quadratic sum of in-
dividual FWHMs, the broadening can be obtained as Af =

\/(FWHM(T))2 — (FWHM (T = Tp))%.

clei as shown in Fig. 3.

LiFeP
By=0.15T

T=4.5K

T=42K

3IP-NMR intensity

PSR ematees -‘I . |
2.4 2.5 2.6 2.7
f (MHz)

Fig. 3. (a) 3'P-NMR spectra of LiFeP at various temperatures with
By =0.15T. The spectra above 7' = 1.2 K are fitted by a single Gaussian
function, while the spectra below 7' = 1.2 K are fitted by two Gaussian
functions. The left peak (shaded area) is from TLi nuclei (see text for
detail).

Figure 4 shows the temperature dependence of the line
broadening Af. We find that A, 2, being proportional to Af,
increases continuously below 7; without any saturation down
to the lowest temperature we have reached, 7 = 0.125 K ~
0.03 T¢.. Such temperature dependent behavior is in contrast to
the observation in LiFeAs, which can be explained by the dif-
ference of the symmetry of the superconducting energy gap.
If line nodes exist in the superconducting energy gap A(k),
the density of states averaged over k will increase linearly
with energy. Therefore A, 2 should be proportional to T at
low temperatures, which was observed by previous SR mea-
surements on clean polycrystalline samples of high-7; cuprate
superconductors.?”! Figure 4 shows that the temperature de-

pendence of A 2 is in good agreement with the theoretical cal-
culation based on a d-wave model, as shown by the red line. 36!
Our results therefore indicate that there are nodes in the super-
conducting energy gap. We note though that our results do not
mean that the superconducting gap of LiFeP has d-wave sym-
metry since the temperature dependence of A, 2 alone cannot
discern d-wave symmetry from other nodal superconducting
energy gap symmetries, such as circular line node observed in
BaFe;(Asg 7Py 3);.1!

0.05
LiFcP

0.04 Bo=015T ]%°
3 15 —~
= 0.03} &
= :
“ {10 ==
5 0.02} ++ + i

0.01} lT T 5

.1.+ ®
% 2 4 6 0
T (K)

Fig. 4. Temperature-dependent line broadening Af and the London
penetration depth A, 2 of LiFeP. The red solid curve is the theoretical

calculation based on a d-wave model. 3!

3.2. Spin fluctuations in LiFeP

In most iron-pnictides, spin fluctuations have been ob-
served in the normal state and considered as a possible glue
for cooper pairs.[!20-221 However, in both LiFeP and LiFeAs,
previous spin-lattice relaxation rate 1/7; measurements show
that spin correlations are rather weak.?*3% For LiFeAs, 1/T
was measured at both zero and high fields,**37) indicating
that the spin correlations are indeed very weak at low ener-
gies. This is consistent with the ARPES study which shows
that the electron and hole pockets are mismatched, leading
to the bad nesting of the Fermi surfaces and then weak spin
fluctutions.3”! However, for LiFeP, 1/Ty was measured only
at 4.65 T.?!! In order to obtain the complete information
about spin dynamics, we measure 1/7] at various fields as
shown in Fig. 5. At 7 T, the spin-lattice relaxation rate di-
vided by temperature, 1/7T;T, is indeed nearly temperature in-
dependent. With decreasing field, 1/T; T starts to increase be-
low T ~ 10 K. At 0.15 T, a strong enhancement of 1/TiT is
clearly observed even in the superconducting state, indicating
that spin correlations become much stronger at very low ener-
gies. In Lap_,Sr,CuOy4, 1/TiT also shows an enhancement
with cooling in the superconducting state, which is related
to the spin glass transition.[?®! In such case, spin correlations
should be further enhanced at higher magnetic fields due to the
suppression of superconductivity. It means that 1/7;T should
have a stronger temperature dependence at higher fields, in

contrast to the observation in LiFeP.
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v LiFeP
—~ 03} v 0.15T
:‘x: | 035 T
= " ® 0.5T
» 02F = ¢ 18T
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' ’ﬂx“ﬂng *s 2o
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Fig. 5. Temperature evolution of 1/7,T of LiFeP at various fields. The
arrows mark the onsets of superconducting transition 7; under respec-
tive fields. The error bar for 1/TiT is the s.d. in fitting the nuclear
magnetization recovery curve and is smaller than the symbol size.

1/TT (s~1-K-1)

1 1 1 1 1
02 03 04 05 0.6 0.7
fo /2 (MHz=1/2)

1/TVT (s~ K1)

0 1 1
1 10 100

f(] (MHZ)

Fig. 6. (a) 1/T1T as a function of f, 1 2 The solid curves are the linear

fittings of 1/T1T to fgl/z. (b) 1/T1T as a function of the NMR fre-
quency fo. The solid curves indicate 1/T7T o< —In(f). The error bar is
smaller than the symbol size.

In Fig. 6(a), we plot the value of 1/7;T measured at
1.5 K and 4.2 K as a function of f(;l/z. The 1/TiT ap-
pears to be proportional to f; Y 2, which is a typical behav-
ior of the electronic spin diffusion in one-dimensional (1D)
systems.>”) The possibility of two-dimensional (2D) spin dif-
fusion where 1/TiT «< —In(f) can not be fully excluded as
shown in Fig. 6(b), although the fitting for 2D is not as good
as the 1D situation. In a cuprate compound Tl,Ba;CuO,,
1/T\T o< —In(f), which is related to 2D spin diffusion, was
found above T¢.1*"1 In any cases, our results clearly indicate
that spin correlations in LiFeP have a diffusion characteristic,

meaning that the spin correlation function has an anomalously
large contribution at long time. Similar behavior has also been
observed in Lag g7Cap 13FePO, but only inside the supercon-
ducting state and was suggested to be originated from a spin-
triplet symmetry of superconducting state.[*!*?! In our study,
however, we find that the diffusive fluctuations exist far above
T in the normal state of LiFeP, indicating that they are irrel-
evant to superconductivity. To the best of our knowledge, the
nature of spin diffusion behavior in cuprate superconductors is
still unclear, although this behavior has been discovered more
than two decades. Thus we hope that our work will draw more
theoretical attention for this issue.

4. Conclusion

In summary, we investigate the superconducting gap sym-
metry of LiFeP and LiFeAs by London penetration depth
In LiFeAs, A is found to saturate be-
low T ~ 0.2T;, meaning that the superconducting gap is fully

AL, measurements.

opened. The temperature dependence of Ay is analyzed by a
two-gaps model and the two superconducting gaps of LiFeAs
are acquired as Ay = 1.2kgT; and A, = 2.8kgT... In contrast,
we find that A;. does not show any saturation with decreasing
temperature down to T ~ 0.03T; in LiFeP. This indicates the
existence of nodes in the superconducting energy gap func-
tion of LiFeP. Finally, we perform spin-lattice relaxation mea-
surements at various fields in LiFeP. 1 /71T is nearly tempera-
ture independent at 7 T, but is strongly enhanced at low fields
below T = 10 K, suggesting that the spin correlation is en-
hanced at very low energies. We further find that 1/71T is
proportional to f~'/2, indicating that spin fluctuations have a
1D diffusive characteristic. Such behavior was also observed
in some cuprate high-T;. superconductors, while its origin still

needs more studies.
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