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We put forward a scenario that explains the difference between the order-parameter character in
arsenide (As) and phosphorous (P) iron-based superconductors. Using functional renormalization group to
analyze it in detail, we find that nodal superconductivity on the electron pockets (hole pocket gaps are
always nodeless) can naturally appear when the hole pocket at (77, 77) in the unfolded Brillouin zone is
absent, as is the case in LaOFeP. There, electron-electron interactions render the gap on the electron
pockets softly nodal (of s* form). When the pocket of d,, orbital character is present, intraorbital
interactions with the d,, part of the electron Fermi surface drives the superconductivity nodeless.
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After two years of intense research in the new iron-based
superconductors (pnictides) [1], the symmetry of the order
parameter is still far from settled. Theoretically, the current
opinion converged on an s* order parameter that changes
sign between the electron (e) and hole (/) pockets, which
comes out of both strong- and weak-coupling pictures of
the iron-based superconductors (SC) originating from in-
terpocket pair hopping [2—8]. The method of choice in the
intermediately correlated pnictides is likely the functional
renormalization group (FRG), which systematically takes
into account the competing ordering tendencies in the
system [8-13]. Previous FRG work gives anisotropic
gaps around the e pockets, which, at their smallest value,
are close to but do not cross zero [9]. In pnictides such as
LaOFeAs, a majority of experiments point to the existence
of nodeless isotropic gaps [14,15] on the hole (#) Fermi
surface (FS) and also nodeless gaps on the electron (e) FS,
albeit with a larger gap anisotropy [16-21]. In contrast, in
LaOFeP, a clear majority of experiments support a nodal
gap behavior on the e pockets [22,23]. This difference is
even more puzzling, since both materials display similar e
and h pockets at X and I points (see Fig. 1) [24].

In this Letter, we offer an explanation for the difference
between the order-parameter character in the As- and P-
based compounds. Using FRG on a five-band model of the
pnictides with orbital interactions, we find that the gap on
the e pockets can undergo a nodal transition if the & pocket
at (77, 7r) (M) is absent. On the basis of RPA calculations,
Kuroki ef al. [25] already argued that the appearance of the
FS around (77, 77) in the unfolded Brillouin zone is sensitive
to the pnictogen height measured from the Fe plane and
may drive a nodal or a nodeless pairing. In contrast to the
FRG, however, the RPA assumes right from the outset a
magnetically driven spin-density wave (SDW) type of pair-
ing interaction. The FRG starts from the “bare” many-
body interaction [Eq. (2) below] in the Hamiltonian, and
the pairing is dynamically generated by systematically
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integrating out the high-energy degrees of freedom includ-
ing all important fluctuations on equal footing. In the RPA
calculation the competition between nodal s*-wave and
d-wave pairing is rather subtle and the B;, d-wave solution
can win over the nodal s* wave for the LaFePO system
[Fig. 16(a) of [25]]. This is neither reflected by experiments
nor found in the FRG: here the s* results (even varying
them in a rather wide regime) are very robust. Specifically,
in the pnictides, the repulsive interaction connects the FS
pockets around I, X, and, if present, also M points. Though
repulsive in the singlet channel, the corresponding contri-
butions yield strong pairing provided the gap function on
the two sets of FS have opposite sign. We show in this
Letter that the generalization of the original s~ -state argu-
ment [3,5] acting between I' and X pockets is also at work
for the cases considered here, and explains the propensity to
a nodal or nodeless SC gap.

We use a two-dimensional tight-binding model [5] to
describe the 1111-type pnictides:

FIG. 1. Band structure for LaOFeAs (a) and LaOFeP (b).
(Inset: Brillouin zone.) The tight-binding model for LaOFeAs
is given in [5]; the parameters are varied for LaOFeP according
to the different pnictogen height parameter [25]. The dashed
horizontal lines denote the undoped Fermi level. The major
difference between (a) and (b) is the dy2_y» dominated band
crossing the Fermi level in (a), but not in (b).
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Here, ¢ denotes electron annihilation operators, a, b the
five Fe d orbitals, and s the spin indices. While the main
electronic structure of P-based and As-based compounds
is very similar, there are certain important differences.
Figure 1 shows the band structure of LaOFeAs and
LaOFeP, where the latter is obtained by adjusting the
parameters in [5] according to the changed pnictogen
height from As to P [25]. In the vicinity of the Fermi
surface, the most notable difference is the presence or
absence of a broad dy>_y> (d,,)-dominated band at M =
(77, 77), in agreement with angle-resolved photoemission
spectroscopy data. To account for this difference, we use a
five pocket scenario for the As-based and a four pocket
scenario for the P-based compounds. We, thus, choose to
compare and analyze two generic cases, with or without
the h pocket at M, as corresponding to the As-based 1111
(122) and the P-based compounds, respectively.
The interactions in the orbital model are given by

Him=Z|:UlZntaTntal+U2 Z NiasMips'

i a<b,s,s'
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(2)

where n; ., denote density operators at site i of spin s in
orbital a. We consider intraorbital and interorbital inter-
actions U, and U, as well as Hund’s coupling J; and pair
hopping Jy,;- In what follows, a physical interaction set-
ting is chosen dominated by intraorbital coupling, U; >
Uy, > Jy ~ Jpair- taking Uy = 3.5 eV, U, =2.0eV,Jy =
Jpair = 0.7 €V [9]. In terms of interaction scale ratios, this
choice roughly corresponds to interaction parameters ob-
tained by constrained RPA ab initio calculations [26].
Using FRG [9-11,27,28], we study how the renormal-
ized interaction described by the four-point function (4PF)
evolves under integrating high-energy fermionic modes:
Valky, ny; ko, no; ks, ns; ky, n4)clt4n4s62311356152”256."1"15’
where the flow parameter is the IR cutoff A approaching
the Fermi surface, and with k; to k, the incoming and
outgoing momenta, and n; to ny the band index. Because
of the spin rotational invariance of interactions, we con-
strain ourselves to the S* = 0 subspace of incoming mo-
menta k, k, (and outgoing ks, k,) and generate the singlet
and triplet channel by symmetrization and antisymmetri-
zation of the 4PF V, [27]. The starting conditions are given
by the bandwidth serving as an UV cutoff, with the bare
initial interactions for the 4PF. The diverging channels of
the 4PF under the flow to the Fermi surface signal the
nature of the instability, and the corresponding A serves as
an upper bound for the transition temperature 7,.. For a

given instability characterized by some order parameter Ok
(the most important example of which is the SC instability
Ok = cpCc_y in our case), the 4PF in the partlcular order-
ing channel can be written as > ,Va(k, p)[OJr 0,1 [12].
Accordingly, the 4PF in the Cooper channel can be

decomposed into different eigenmode contributions
V3C(k, —k, p) = 3,5 (A) f5Ci (k) f5C(p), where i is a

symmetry decomposition index ordered such that i = 1
labels the leading order; i.e., the leading instability of
the SC channel corresponds to the eigenvalue ¢C(A) first
diverging under the flow of A. f5¢i(k) is the SC form
factor of pairing mode i revealing the SC pairing symmetry
and is computed along the discretized Fermi surfaces
[leading instability form factors are plotted in Figs. 2(a)
and 3(a)].

As-based compounds.—For the As-based setting
(Fig. 2), we find that the s* instability, giving rise to
different gap signs on h versus e pockets, is the leading
instability of the model at moderate doping. The setup
resembles the situation studied in [9], which we also
studied with a more detailed tight-binding structure beyond
5th next-nearest neighbors [5]. We also find a nodeless s
SC leading instability. In addition, we can identify the &
pocket at M to play a major role in contributing to the fully
gapped s wave and to a sign change from & to e pockets
(Fig. 2). In particular, we study the orbital content in detail
and analyze how the pairing instability distributes over the
different orbitals [Fig. 2(d)]. For this, we consider the 4PF
in orbital space,

5
ver o= D AValky, nysky, nyiks, nyiky, ny)
ny,.,ng=1
X gy, (ky)ug, (ko)uey, (k3)ugy, (k) 3)

where the u’s denote the different orbital components of
the band vectors [29]. The matrix shown in Fig. 2(d) gives
the leading eigenvalue contributions of V Aa b)(k D)

cz’acik’acp,bc_p,b, i.e., in the Cooper channel of (3) where
we constrain ourselves to the dominant processes of intra-
orbital pairing (a, a) — (b, b). As above, we decompose
it into different  form  factor  contributions
3.3 a b)(A) fzasg)(k) fé;ls’g)(p), where the leading eigenval-
ues at A, for the different (a, b) are given in
Figs. 2(d) and 3(d). Intraorbital scatterings between the
d., (or d,;) orbital-dominated parts of the e and I' h
pockets are most important (Fig. 2). They favor an s* SC
instability, as was also found in [9]. However, the leading
eigenvalue in the As scenario comes from the diagonal part
of the dy. _ - orbital. Pointing in the direction of the I < X
path, the e pocket has a high concentration of the dy2_2
orbital. This part of the e pocket then scatters strongly with
the i pocket at the M point, which is dominated by the
dy2_y» orbital band. The intraorbital repulsion related to
the latter scattering prefers again an s*-type pairing
between the h pocket at M and the e pockets, which
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FIG. 2 (color online).
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Five pocket scenario for LaOFeAs. (a) Plot of the SC form factor gap f5€(k) versus the patching indices

(momenta) shown in (b). The gap on the outer / pocket at I' is smaller than that of the inner 4 pocket and of the same order as the
M-pocket gap. The gap on the e pockets is very anisotropic but nodeless and of opposite sign. (c1)—(c3) Orbital weight distribution on
the different pockets [inner & pocket at I" is similar to (c2) shifted by 90°]. Dashed arrows indicate relevant intraorbital scatterings.

(d) Leading orbital SC instability eigenvalues ¢3(,

(A.) from (3). dyzyz and dy:_y» scattering dominates. (e) Flow of leading

instability eigenvalues [charge density wave (CDW), Pomeranchuk instability (PT), SDW, and SC]. The leading instability is s= SC at

A, =0.03 eV, By, d-wave SC and SDW diverge closely (hardly

reinforces the already present s= between the I' & pockets
and the X (X’) e pockets. Assuming that U, is the dominant
interaction, the three / pockets display a gap of identical
sign: the two I" pockets which are not nested with each
other have the same gap sign, and are of different orbital
content than the /4 pocket at M. However, the e pockets
contain contributions from all three relevant d orbitals.
Therefore, the e pockets scatter strongly through U, with
all three i pockets, which enhances the s character of the
gap. So, in summary of the As scenario, having the SC pair
state orthogonal to the repulsive interaction [30] induced
by the presence of the additional M pocket further in-
creases the s* gap between e and h pockets. The h
pocket at M is also responsible for the strong SDW signal
[Fig. 2(e)], as the nesting wave vector M < X is the same
as ' = X.

P-based compounds.—Here, the physical picture
changes even qualitatively. As shown in Fig. 3, we find a
nodal s* scenario for the P-based compounds, with lower
critical divergence scale A, ~ T, and less SDW-type fluc-
tuations. The absence of the M h pocket removes the
intraorbital scattering to the e pockets. This gives way to
previously subleading scattering channels such as, in par-
ticular, e-e scattering between the dy:_y2-dominated parts
of the e pockets, but also pair hopping from the 4 pockets
at I" to the e pockets. The former acts between the k points
of the gap function on the e pockets given by the peaks and
the wvalleys [Fig. 3(a)] increasing the anisotropy and

distinguishable on the log scale).

eventually giving them different signs, thus creating a
nodal state. Even if the d3._,-dominated band at M
[Fig. 1(b)] were shifted to the Fermi level, the situation
remains nearly unchanged as this pocket does not share its
orbital content with any other pocket, and hence interac-
tions driven by U, are suppressed.

To further substantiate our conclusions, we perform a
large sweep in parameter space to resolve the evolution of
the SC form factor upon varying the interaction parameters
[29]. For the validity of the scenarios above, it is essential
that U, be the leading energy scale U,/U, > 1.3. For
physically relevant parameters, U,;/Jy > 4, Hund’s cou-
pling does not change the essential structure of the SC form
factor. Jp, is a sensitive interaction parameter for the
P-based compounds. We find that the nodal SC form factor
is valid for the parameter regime U, /J,,;; > 4. Below, the
interplay with the e-e scattering, driven by U, yields a SC
form factor with reduced nodal propensity.

From the ab initio data stated before, we get U, /U, =
1.5, Uy/Jy = Uy /J i = 6.5. As such, the parameter re-
gime of the As-based and P-based compounds lies in the
regime of applicability of our theory, which is consistent
with experiment: in the P-based compounds, we find (i) a
lower divergence scale and hence lower T, compared to
As-based compounds, (ii) significantly enhanced low en-
ergy density of states in the (hence nodal) superconducting
phase, and (iii) reduced SDW-type fluctuations, which,
even at pronounced nesting, are insufficient to drive the
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Four pocket scenario for LaOFeP. (a) s* SC form factor, with FS patches given in (b); the dy:_y>-dominated h

pocket at M is absent. The & pockets at I" are gapped and isotropic. The e pockets show strong anisotropy, being nodal on the pocket
tips indicated in Fig. 2(b) by dashed arrows. (c) Relevant pair scattering and intraorbital processes between different e pockets [orbital
weights of the pockets are shown in (f1) and (f2)]. (d) Orbital decomposition of the SC instability: large dy, y, and less relevant dy2_ 2
contribution. (e) Flow of leading instability eigenvalues [notation as in Fig. 2(e)]; A. = 0.002 eV is smaller than in Fig. 2.

system to a leading magnetic SDW instability [22-24]. The
absence of the hole pocket at M also manifests itself
in the orbital decomposition of the pairing instability
[Fig. 3(d)]; the diagonal contribution of dx2_y2, in com-
parison to dyy yz, is reduced.

In summary, we find that the broad band at the unfolded
M point plays the major role in explaining the drastic
change of SC properties from the As-based to the P-based
1111 compounds, rendering the former nodeless and the
latter nodal. The nodes that appear in the P-based com-
pounds are driven by anisotropy of the electron pockets.
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Note added.—Recently, we became aware of a related
independent work studying LaOFeP through FRG [13].
Our data range and interpretation of the numerical results
contains and exceeds the case studied there.
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