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High-precision measurements of magnetic penetration depth � in clean single crystals of LiFeAs and

LiFeP superconductors reveal contrasting behaviors. In LiFeAs the low-temperature �ðTÞ shows a flat

dependence indicative of a fully gapped state, which is consistent with previous studies. In contrast, LiFeP

exhibits a T-linear dependence of superfluid density / ��2, indicating a nodal superconducting order

parameter. A systematic comparison of quasiparticle excitations in the 1111, 122, and 111 families of

iron-pnictide superconductors implies that the nodal state is induced when the pnictogen height from the

iron plane decreases below a threshold value of �1:33 �A.
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There is growing evidence that the superconducting gap
structure is not universal in the iron-based superconductors
[1,2]. In certain materials, such as optimally doped
ðBa;KÞFe2As2 and BaðFe;CoÞ2As2, strong evidence for a
fully gapped superconducting state has been observed from
several low-energy quasiparticle excitation probes includ-
ing magnetic penetration depth [3,4] and thermal conduc-
tivity measurements [5]. In contrast, significant excitations
at low temperatures due to nodes in the energy gap have
been detected in several Fe-pnictide superconductors.
These include LaFePO (Tc ¼ 6 K) [6–8], BaFe2ðAs; PÞ2
(Tc � 31 K) [9–11], and KFe2As2 (Tc ¼ 4 K) [12–14].
This nonuniversality is quite different from cuprate
high-Tc superconductors which all have a nodal dx2�y2

pairing state. So unlike the cuprates, the way that the
superconducting gap structure depends on the detailed
magnetic and electronic structure of individual iron-based
superconductors provides a stringent test of candidate
theories [2].

Theories based on antiferromagnetic spin fluctuations
suggest that the pnictogen height hPn above the iron plane
[see Fig. 1(a)] is an important factor in determining the
structure of the superconducting order parameter [15].
Generally, hPn is much shorter for the P based iron pnic-
tides in comparison to their As counterparts, so a good test
of the theory would be to systematically compare As and P
based superconductors. Although this can be achieved in
part in the BaFe2ðAs;PÞ2 series, the fully As containing end
member BaFe2As2 is a nonsuperconducting antiferromag-
net. The same is true for LaFeAsO which is the As ana-
logue of the nodal superconductor LaFePO. Charge doping
of the arsenides induces superconductivity, but also intro-
duces disorder which complicates the identification of the
pairing state.

The 111 materials, LiFeAs [16] and LiFeP [17,18],
provide a unique route to study this problem as both
materials are superconducting (Tc � 17 and 4.5 K, respec-
tively), nonmagnetic, and, importantly, very clean, with
long electronic mean-free paths. In LiFeAs, antiferromag-
netic fluctuations have been observed [19] and fully
gapped superconductivity has been demonstrated by sev-
eral experiments [20–24], but no information has been
reported for the pairing state in LiFeP. Band-structure
calculations show that the two materials exhibit similar
Fermi surface shapes [25,26]: quasicylindrical hole sheets
near the zone center and two warped electron sheets near
the zone corner.
Here we report on measurements of the magnetic pene-

tration depth �ðTÞ in single crystals, which demonstrate a
nodal gap state in LiFeP in sharp contrast to the nodeless
state in LiFeAs. Our analysis based on accumulated �ðTÞ
data in the 1111, 122, and 111 series of superconductors
indicates that the nodal state is induced when hPn is below a
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FIG. 1 (color online). (a) Schematic crystal structure of
LiFePn (Pn ¼ As or P). The arrow defines the pnictogen height
hPn from the iron plane. (b) The ac susceptibility of LiFePn
crystals measured from the frequency shift of the TDO.
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threshold value. By comparing calculated electronic band
structures of LiFeAs and LiFeP, we discuss the origin of
this behavior.

Single crystals of LiFePn (Pn ¼ As or P) were grown
by a flux method [27]. The crystal size of LiFeP is up to
135� 135� 10 �m3, which is significantly smaller than
that of LiFeAs. To avoid degradation of the sample due to
reaction with air, the crystals were handled in an argon
glove box and encapsulated in degassed Apiezon N grease
before measurements. Large residual resistivity ratios
(� 50 for LiFeAs and �150 for LiFeP) [27], observations
of de Haas–van Alphen (dHvA) oscillations in magnetic
torque [28], and sharp superconducting transitions
[Fig. 1(b)] show that the crystals are of very high quality.
The temperature dependence of change in the magnetic
penetration depth was measured by the tunnel diode oscil-
lator (TDO) technique [6,14] down to T=Tc � 0:03. A
weak ac field is applied along the c axis so that the super-
current flows in the ab plane.

Figure 2(a) depicts the low-temperature variation of the
in-plane penetration depth ��ðTÞ ¼ �ðTÞ � �ð0Þ.
The data for LiFeAs are completely flat within the experi-
mental error of �0:3 nm below T=Tc � 0:1. This demon-
strates negligible quasiparticle excitations at low
temperatures, indicating a fully gapped state. This result

is fully consistent with previous results in LiFeAs [21]. In
sharp contrast to this, the data for LiFeP exhibit much
steeper temperature dependence of ��ðTÞ at low tempera-
tures. When we use a power-law fit ��ðTÞ / T� to this
data below T=Tc � 0:25, we obtain a small value of � �
1:3. In iron-based superconductors, a power-law depen-
dence with �� 2 can be expected even in the dirty full
gap case when the sign changing s� state is considered
[29], and indeed a tendency of the exponent decrease from
� * 3 to �2 with increased impurity scattering has been
observed experimentally [3,30]. However, the small power
� & 1:5 cannot be explained by such a dirty nodeless state,
and it is rather a strong indication that the superconducting
gap has line nodes. Indeed, our data can also be fitted to
/ T2=ðT þ T�Þ, which is applicable to the nodal case with
small impurity scattering [31]. The obtained low value of
T� � 0:3 K indicates a clean nodal behavior and is con-
sistent with the other measures of sample quality described
above.
We also analyze the normalized superfluid density

�sðTÞ ¼ �2ð0Þ=�2ðTÞ [Fig. 2(b)]. To do this we need the
value of �ð0Þ, which we cannot directly determine from the
TDO measurements. The small angle neutron scattering
measurements of LiFeAs reveal �ð0Þ � 210 nm [20]. To
estimate the �ð0Þ value for LiFeP, we consider the differ-
ence of the effective mass in these two superconductors
whose carrier number (Fermi surface volume) is quite
similar. The effective masses determined by the dHvA
oscillations [28] as well as the electronic specific heat
coefficients � have a factor of �2 difference (� � 16
and � 30 mJ=K2 mol for LiFeP [17] and LiFeAs [32],
respectively), from which we estimate �ð0Þ � 150 nm.
The extracted temperature dependence of �sðTÞ shows
contrasting behaviors for As and P cases at low tempera-
tures again: flat dependence for As and steeper dependence
for P. The expanded view at low temperatures [Fig. 2(c)]
demonstrates a wide temperature range of T-linear depen-
dence, which clearly indicates the energy-linear density of
state of quasiparticles and hence the existence of line nodes
in the energy gap.
The strength of the electron-electron correlations can be

measured by the mass enhancement which is closely re-
lated to the � value. The larger � for LiFeAs than for LiFeP
suggests weaker correlations in the P case, which is re-
inforced by the smaller A value of the Fermi-liquid coef-
ficient in the AT2 dependence of resistivity [27,33] and
smaller quasiparticle mass enhancements measured by
quantum oscillations [28]. Strong correlations usually pro-
mote sign change in the superconducting order parameter
[14], which leads to the gap nodes in single-band super-
conductors. In the present multiband case with separated
Fermi surface sheets, however, the seemingly opposite
trend that LiFeP has nodes but is weakly correlated sug-
gests that other factors are also important for node
formation.
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FIG. 2 (color online). (a) Low-temperature change in the mag-
netic penetration depth in single crystals of LiFeAs and LiFeP.
(b) Temperature dependence of normalized superfluid density
�sðTÞ. We used �ð0Þ ¼ 210 and 150 nm for LiFeAs and
LiFeP, respectively. (c) Expanded view of �sðTÞ of LiFeP at
low temperatures. The solid line is a fit to the T-linear
dependence.
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To obtain further insights, we gather the available
data for the low-energy quasiparticle excitations in several
iron-pnictide superconductors including 1111 [6,7,34,35],
122 [3,4,9,14,36], and 111-based materials [21]. The
amount of thermally excited quasiparticles is directly re-
lated to the change in the penetration depth. Thus we
quantify ��ð0:2TcÞ as a measure of excitations so that
we avoid ambiguity resulting from uncertainties in �ð0Þ.
Among the available data in the literature, we select only
the data which show either �< 1:5 or >2:5 in the power-
law approximation, because the power-law dependence
with �� 2 cannot distinguish the dirty nodeless and
nodal states as discussed previously. A plot of ��ð0:2TcÞ
as a function of pnictogen height hPn in Fig. 3 suggests

that there is a threshold value of �1:33 �A, below which
all the superconductors exhibit significant quasiparticle
excitations (with �< 1:5) characteristic of a nodal
state. Above the threshold, most of the materials are
nodeless with the exception of the highly hole-doped
compound, KFe2As2. This particular material is unusual
in that it lacks electron sheets and thus there is no interband
nesting. In addition, the quasiparticle effective mass is
strongly enhanced [14,37], and Tc is very low (� 4 K)
so superconductivity may have a different origin from
that in the other materials. Therefore, our analysis strongly
suggests that the pnictogen height is an important
parameter that determines the gap structure in the iron-
pnictide superconductors having significant interband
scattering.

The above correlation found in this study is distinct from
those proposed between the pnictogen height and Tc [38].
Although the nodes in the gap structure usually tend to
suppress Tc, apparently there is no direct correlation

between Tc and nodes here. In the 122 system, optimally
doped ðBa;KÞFe2As2 and BaFe2ðAs; PÞ2 have almost
the same Tc but display nodeless and nodal behavior,
respectively [9]. Moreover, the hPn vs Tc correlation does
not seem to work for the 111 systems, in which LiFeP has a
lower Tc but has a closer hPn value to the putative optimum

height of�1:37 �A [38]. One may also ask about the Fe-Pn-
Fe bond angle, but the nodal LiFeP has a closer angle
(108.6�) to the perfect tetrahedron value of 109.47� than
the nodeless LiFeAs (102.8�), from which we do not find
any simple correlation between the bond angle and gap
structure in iron-pnictide superconductors.
The importance of the pnictogen height hPn on the

superconducting order parameter in iron pnictides has
been suggested in theoretical considerations based on the
antiferromagnetic spin-fluctuation mechanism [15]. When
hPn is low, one of the hole bands with dxy orbital character,

which is located near the ð�;�Þ position in the unfolded
Brillouin zone, tends to sink below the Fermi level. The
disappearance of this Fermi surface makes interband
electron-hole scattering weaker and hence the importance
of the scattering between electron sheets relatively greater,
promoting a sign change of the superconducting gap (and
hence nodes) on the electron sheets.
In the LiFeAs=P system this explanation is questionable

because band-structure calculations [26] suggest that both
compounds have a well formed (third) dxy hole sheet. To

gain further insights into the important difference in band
structure between LiFeAs and LiFeP we have performed
our own density functional theory calculations [39] using
the experimental lattice constants and internal positions
and including the spin-orbit interaction [16,27].
Our results shown in Fig. 4 highlight the dxy orbital

character of each band. We find that for LiFeP the size of
the outer hole sheet shrinks and its dxy orbital character is

significantly suppressed compared to LiFeAs. Moreover,
the middle hole sheet in LiFeP has strongly mixed dxy and

dxz=yz contributions due to the spin-orbit interaction. So

despite the presence of the third hole band in LiFeP, its
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FIG. 3 (color online). Pnictogen-height dependence of ��ðTÞ
at T ¼ 0:2Tc as a measure of low-temperature quasiparticle
excitations in 1111 (diamonds), 122 (circles), and 111 (squares)
series of iron-pnictide superconductors. Here the pnictogen
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FIG. 4 (color online). Calculated Fermi surfaces of LiFeAs (a)
and LiFeP (b). Color indicates the relative weight of the dxy
orbital contribution, which has been obtained from the Wannier
fit by using WANNIER90 [41] via WIEN2WANNIER interface [42].
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reduced dxy character may be sufficient to tip the balance

towards a nodal state.
Bulk Fermi surface dHvA measurements in LiFeP

[28] suggest that the middle hole sheet has weaker
electron-electron correlations (mass enhancement) than
the electron sheets and other hole sheets. This suggests
that the mixed orbital character of the two outer hole bands
has suppressed electron-hole scattering and by the above
argument this leads to the formation of line nodes in the
electron sheets.

We note that the extended-s state with line nodes in
the electron sheets has been discussed as the most likely
nodal gap structure of BaFe2ðAs; PÞ2 [11]. The strong
T-linear dependence of superfluid density in LiFeP is
consistent with the nodes being on electron bands contain-
ing high Fermi velocity parts, which almost coincide
with the dxy-dominated regions of the electron sheets

[27]. To determine the exact node locations in LiFeP,
however, other measurements are necessary, including
angle-resolved probes of low-energy quasiparticle excita-
tions such as thermal conductivity or specific heat mea-
surements in rotated magnetic fields.

Finally, we note that it has also been theoretically sug-
gested that a competition between the orbital fluctuations
and spin fluctuations generates nodes in the electron sheets
[40]. The difference in the orbital character in hole sheets
would also change the orbital fluctuations, which may
affect the competition and hence the gap structure.
Further quantitative calculations of the pnictogen-height
effect based on these theories will help clarify the mecha-
nism of iron-based superconductivity.

In summary, we have measured the penetration depth in
clean crystals of LiFeAs and LiFeP. We found a T-linear
superfluid density for LiFeP indicating a nodal order
parameter, in strong contrast to the fully gapped state
found for LiFeAs. A comparison of low-energy excita-
tions across the different iron-pnictide superconductors sug-
gests that the nodal state is induced when the pnictogen
height is shortened below a threshold value. Our result
that the nodal state is favored for low hPn supports the trend
that the spin-fluctuation theory predicts, but there remains
challenging issues including the fact that the emergence of
nodes is not directly caused by the disappearance of the dxy
hole sheet. It remains to be seen if this can be explained by
detailed microscopic calculations.

We thank K. Cho, A.V. Chubukov, A. I. Coldea, P. J.
Hirschfeld, H. Kontani, K. Kuroki, I. I. Mazin, and R.
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Note added.—After completion of this study, we become
aware of recent thermal conductivity results [43] which

suggest a nodal state in BaðFe0:64Ru0:36Þ2As2 with hPn �
1:317 �A [44], which supports our conclusion.
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Rev. B 81, 054502 (2010); R. Thomale, C. Platt, W.
Hanke, and B.A. Bernevig, Phys. Rev. Lett. 106,
187003 (2011).

[16] X. C. Wang et al., Solid State Commun. 148, 538 (2008);
J. H. Tapp et al., Phys. Rev. B 78, 060505(R) (2008).

[17] Z. Deng et al., Europhys. Lett. 87, 37 004 (2009).
[18] K. Mydeen et al., Phys. Rev. B 82, 014514 (2010).
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