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In several Fe-based superconductors, slight C, symmetry breaking occurs at 7*, which is tens of degrees
Kelvin higher than the structural transition temperature 7. In this “hidden” nematic state at Ty < T < T*,
the orthorhombicity is tiny [¢ = (a — b)/(a + b) <K 0.1%], but clear evidence of a bulk phase transition has
been accumulated. To explain this long-standing mystery, we propose the emergence of antiferro-bond (AFB)
order with the AF wave vector ¢ = (0, 7) at T = T*, by which the characteristic phenomena below T* are
satisfactorily explained. This AFB order originates from the interorbital nesting between the d,,-orbital hole
pocket and the electron pocket, and this interorbital bond order naturally explains the pseudogap, band folding,
and tiny nematicity that is linear in 7* — T'. The hidden AFB order explains key experiments in both BaFe,As,
and NaFeAs, but it is not expected to occur in FeSe because of the absence of the d,,-orbital hole pocket.
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The emergence of rich nematic phase transitions is a
central unsolved issue in Fe-based superconductors. At the
structural transition temperature Tg, ferro-orbital (FO) order
with ¥ = (ny; — ny;)/(ny; +ny;) # 0 is driven by electron
correlation [1], by which the orthorhombicity ¢ = (a —
b)/(a + b) occurs in proportion to 1. Above T, the electronic
nematic susceptibility develops divergently [2-5]. As possi-
ble mechanisms of nematicity, both spin-nematic scenarios
[6-12] and the orbital/charge-order scenarios [13-24] have
been proposed. Both scenarios were successfully applied to
the nematicity in BaTi,Sb,O [25-27] and cuprate supercon-
ductors [28].

However, the nematicity in Fe-based superconductors re-
cently exhibited a very rich variety beyond the original
expectation. Well-known discoveries are nematicity without
magnetization in FeSe and nematicity with B,, symmetry
in the heavily hole-doped compound AFe;As, (A = Cs, Rb)
[29-33], which is rotated by 45° with respect to the nematicity
in FeSe. These nematic orders are naturally understood as the
ferro-orbital and/or bond orders driven by the interference
between spin fluctuations described in Fig. 1(a) [17], where
Co, o gives the three-boson coupling.

The most significant open issue in the nematicity is the
emergence of another type of nematicity in various Bal22
compounds below 7" = T*, which is higher than Ty by tens of
degrees Kelvin. A true second-order bulk nematic transition
at T* has been reported in many experimental studies, such as
a magnetic torque study [34], an x-ray study [35], an optical
measurement study [36], and a laser photoemission electron
microscope study [37].

Published by the American Physical Society under the terms of the
Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s)
and the published article’s title, journal citation, and DOI.

2643-1564/2020/2(4)/042005(6) 042005-1

Below T*, the orthorhombicity ¢ is finite but very small
(«0.1%), but a sizable pseudogap and shadow band exist
[38,39]. The exponent of the nematicity ¥ o< ¢ o< (T* — T )*
is @ ~ 1, which is much larger than the mean-field exponent
(1/2). The relation ¢ o (T* — T') is also observed in NaFeAs
[40]. One may consider that the nematicity at 7* is not a
true phase transition but that it reflects the inhomogeneity of
the FO-order transition temperature Ty due to local uniaxial
pressure and randomness [7,41,42]. On the other hand, T*
seems not to be sensitive to the sample quality, and the domain
structure of nematicity observed in the C, phase above Ty
[36,37] is homogeneous. The aim of this study is to reveal the
origin of this mysterious hidden nematic state below 7' = T*
and to explain why multistage-nematic transitions (at 7 = T*
and Ts5) emerge in Bal22 and NaFeAs families.

In this Rapid Communication, we predict the emergence
of antiferro-bond (AFB) order with the AF wave vector ¢ =
(0, r) at T = T* above the FO-order transition temperature
Ts. Below T*, the AFB order causes a pseudogap in the
density of states and a small T -linear nematicity ¥ o T* — T'.
The AFB order does not interrupt the ferro-orbital order
at T, because these order parameters have different orbital
components. Thus, both the spin and nematic susceptibilities,
x*(0Q) and xpem (0), respectively, show only a small anomaly
at T = T*. The obtained interorbital AFB order is driven by
the interference between antiferro- and ferro-spin fluctuations,
which are caused by the interorbital nesting between the d,,-
orbital hole pocket and electron pockets. The present theory
naturally explains the long-standing mystery of the hidden
nematic state below 7* in Bal22 and NaFeAs families, in both
of which T'-linear nematicity has been reported [34,40].

In contrast, the AFB order does not occur in the FeSe
model that has no d,,-orbital hole pocket, since the interorbital
nesting is essential to realize the AFB order. This result is
consistent with the absence of T* in FeSe [43].

Below, we denote the five d orbitals ds,2_,2, dx;, dy;, dyy,
andd._pasl =1,2,3,4,and 5, respectively. We analyze the
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FIG. 1. (a) Quantum process of the spin-fluctuation-driven or-
bital fluctuations with g. = Q, + Q.. (b) FSs of the BaFe,As, model
in the unfolded zone. The colors green, red, and blue correspond to
orbitals 2, 3, and 4, respectively. (c) g dependences of xj,.,,(q,0)
and X343 4(q, 0) given by the RPA. The large antiferro- and ferro-
fluctuations shown by dotted circles are significant for the AFB order
formation. (d) Feynman diagrams of the DW equation. Each wavy
line represents a fluctuation-mediated interaction.

following two-dimensional eight-orbital d-p Hubbard model
with parameter » [19],

Hy(r) =

where H' is the unfolded tight-binding model for BaFe,As,
[44], FeSe [19], and NaFeAs; more details are presented in
Supplemental Material (SM) A [45]. HY is the first-principles
screened d-electron Coulomb potential in each compound
[46], and r is the reduction parameter, which is approximately
proportional to the renormalization factor z in the coherence
part of the Green’s function [20]. We note that r is the unique
free parameter in the present theory. We set r to reproduce
experimental weak (FeSe) or moderate (NaFeAs, BaFe,As;)
spin fluctuation strengths in the random phase approximation
(RPA).

First, we focus on the unfolded BaFe,As, model directly
given by the first-principles calculation using WIEN2K. Fig-
ure 1(b) shows the unfolded Fermi surfaces (FSs). The size of
h-FS3 around the M point composed of orbital 4 is similar to
that of e-FS1(2) around the X (Y') point, which results in good
interorbital nesting. We calculate the spin (charge) susceptibil-
ities 3% (q) for g = (¢, ,, = 2mnT) based on the random
phase approximation (RPA). The spin Stoner factor oy is

H + rHY, (1)

defined as the maximum eigenvalue of I*2%(g, 0), where [
is the bare Coulomb interaction for the spin (charge) channel,
and £° is the irreducible susceptibilities given by the Green’s
function without self-energy G(k) = [(ie, — wi— k)
for =[k, €, = 2n + 1)xT]. Since the relation ¥
holds, spin fluctuations become large with increasing o (o<
r), and oy = 1 corresponds to the spin-ordered state. Here,
hO(k) is the matrix expression of H® and p is the chemical
potential. Details of [, £5()(¢), and 1°(g) are presented in
SM A [45]. We fix the parameters » = 0.303 in the BaFe,As,;
model unless otherwise noted. In this case, a; = 0.96 at T =
30 meV, and the averaged intraorbital Coulomb interaction
is rU ~ 1.6 eV. Figure 1(c) shows the obtained spin suscep-
tibilities x; 4.4 4(g,0) and x3 44(q,0), the peaks of which
at ¢ = (0, 71) 70riginate from the intraorbital (4-4) and the
interorbital (3-4) nesting, respectively. x; 4., 4 i larger than
X3.3:3,3 because of the good intra-dyy-orbital nesting between
e-FSs and h-FS3.

Hereafter, we study the symmetry breaking in the self-
energy f4 for wave vector ¢ based on the density-wave (DW)
equation introduced in Refs. [19,32,47]. We calculate both the
momentum and orbital dependences of f self-consistently to
analyze both the orbital order and bond order on equal footing.
To identify the realized DW with wave vector ¢, we solve the
linearized DW equation,

T / ’
)“Ifl‘{l’ (k) = ]V Z Klq,l’;m,m’ (k7 k )frz,m/ (k )’ (2)

kK ,m,m'

where 1, is the eigenvalue of the DW equation. The DW with
wave vector g appears when A, = 1, and the eigenvector f 1(k)
gives the DW form factor. A larger value of A, corresponds
to a more dominant DW state. Details of the kernel function
R9(k, k') are given in SM A [45]. The Maki-Thompson (MT)
terms and Aslamazov-Larkin (AL) terms shown in Fig. 1(d)
are included in the kernel function. Near the magnetic crit-
icality, the AL terms are strongly enhanced in proportion
oy, » X (P)x*(=p +qc), and they induce charge DW order
through the three-boson coupling Cy o' in Fig. 1(a).

Figure 2(a) shows the ¢ dependences of A, for the to-
tal terms, the MT terms, and AL terms at 7 = 32.4 meV.
q = (0, m) AFB order appears at T* = 32.4 meV, while Xy
is slightly smaller than unity. Thus, the ferro-orbital transi-
tion temperature Ts is lower than 7. The relation A r) >
Ao is robust in the presence of moderate spin fluctuations
a5 2 0.85. Both the AL and MT terms contribute to the AFB
order cooperatively as shown in Fig. 2(a). Figure 2(b) shows
the dominant component of the static form factor f;{ 4 (k) for
q = (0, ), which is derived from the analytic continuation of
f‘l(k). The other subdominant components are explained in
SM B [45]. Focusing on the X and M points, f;&”)(k) is pro-
portional to — cos(k,), which corresponds to the interorbital
AFB order shown in Fig. 2(c), where the y-direction hoppings
between orbitals 3 and 4 are modulated by the correlation hop-
ping 8t34(y;y £ 1) = =8t 3(y;y £ 1) = §t(—1)". Note that
8t m(y;y') is real and equal to 8z, ;(y'; y).

The origin of the AFB order f(ON) is the quantum in-
terference between the antiferro-spin fluctuations x3 4.5 4(Q)
for @ ~ (0, 7) and ferro-spin fluctuations x; 4., ,(0) shown
in Fig. 1(a). The former is enhanced by the interorbital

042005-2



HIDDEN ANTIFERRONEMATIC ORDER IN Fe-BASED ...

PHYSICAL REVIEW RESEARCH 2, 042005(R) (2020)

(@) 1
Total
Ao 0. w os .¢ (c) AFB order
q0.5 ™ AL ¥ ..¢74
u—._.~:._.::"/‘ —. '—. ! y:2
. MT A
2 0, P 73
(0,0 (O,Ztl/) ( n)_sg S A

—T 0 T H_

FIG. 2. (a) Obtained g dependences of A, at T = 32.4 meV. The
contributions from the AL and MT terms are also shown. (b) Dom-
inant component of the form factor at ¢ = (0, ), f;’ +(k), which is
given by the off-diagonal orbitals 3 and 4. The green lines indicate
FSs. (c) Picture of the interorbital AFB order induced by 3(2’”).

nesting shown in Fig. 1(b), while the latter xj ,., ,(0) is caused
moderately by the forward intraorbital scattering of orbital 4
in h-FS3. The developments of x3 ;.5 ,(@) and xj 4,4 4(0) are
shown by the red dotted circle in ’Fig. 1(c). Moreover, the
three-boson coupling Cy o in Fig. 1(a) is strongly enlarged
when g, = Q, + Q. is a nesting vector [48], and this condition
is satisfied when Q; = Q and Q) = 0. Thus, Ay becomes large
due to the AL terms. In addition to the AL terms, the MT terms
strengthen the sign change of fﬁ;”)(k) between the X and M
points, as reported previously [19,32,49]. Thus, the AFB order
originates from the cooperation between the AL and MT terms
due to the interorbital nesting.

In contrast, the FO instability that corresponds to A¢ orig-
inates mostly from the AL term owing to the combination
of x33.33(g) and x3 35 3(—¢) for g = (7, 0), as discussed in
Refs. [17,18,20].

Here, we explain that a pseudogap originates from the
band-folding driven band hybridization under the ¢ = (0, )
AFB order. Since the form factor grows in proportion
to Re,/A; — 1 in the Ginzburg-Landau theory, we intro-
duce the mean-field-like 7-dependent form factor f"(T) =
™ tanh (1.74/T*/T — 1) %, where ff is the obtained
form factor normalized as maxy |f1gw (k)] = 1. We put f™* =
60 meV. Details of the calculation method under the AFB
order are explained in SM B [45]. Figure 3(a) shows the
obtained DOS. For T < T*, a pseudogap appears, which
is consistent with the angle-resolved photoemission spec-
troscopy (ARPES) measurement [38]. Figures 3(b) and 3(c)
show the FSs and spectral weight, respectively, under the
q = (0, ) AFB order at T = 28 meV. Here, the folded band
structure under the AFB order is unfolded to the original
two-Fe Brillouin zone by following Ref. [50], which gives
the spectrum corresponding to the ARPES measurements
[38,39,51]. Owing to the band folding, several Dirac-type

r=r*=32.4mev)—| (b)
T=28meV —
T=24meV —

N W R W,

—

Y r X

FIG. 3. (a)DOS at T = T*(= 32.4 meV), 28 meV, and 24 meV
in the AFB state. Here, we introduced the quasiparticle damping y =
10 meV. (b) FSs and (c) spectral weight for y = 1 meV under ¢ =
(0, ) AFB order at T = 28 meV in the original two-Fe Brillouin
zone.

band structures and shadow bands appear, as reported through
an ARPES study [51].

In the following, we explain the “hidden nature” of the
present AFB order, that is, the tiny anomalies in x*(Q) and
Xnem(0) at T*. This is a long-standing mystery in Bal22. The
T dependences of «, with and without f©™)(T) are shown
in Fig. S2 in SM B [45]. The AFB order suppresses « only
slightly since the spin fluctuations are essentially intraorbital,
while intraorbital components of £©7)(T) are subdominant.
Next, we analyze the T dependencies of eigenvalue A, for
the FO order and AFB order by following SM B [45]. As
shown in Fig. 4(a), the FO-order eigenvalue A is suppressed
only slightly by the finite AFB order, owing to the slight
decrease of o and the “orbital selectivity” in nematicity:
We stress that the dominant component of the form factor
is different between the off-diagonal f;g;”) in the AFB or-

der and the diagonal f3°’3(4’4) ( fg 4 = 0) in the FO order as
shown in SM C [45]. Thus, neither x*(Q) o« 1/(1 — «) nor
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FIG. 4. (a) T dependencies of A, for ¢ = (0, 7) and g = 0. The
blue dotted line shows Ay with the AFB order for T < T*. (b) The
nematicity ¥ = (n, — n3)/(n, + n3) including both AFB order for
T < T* and FO order for T < Ts.
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FIG. 5. (a) FSs of the NaFeAs model in the unfolded zone.
(b) A4 for g = (0, ) and ¢ = 0 in the NaFeAs model for r = 0.339
(rU ~ 1.8 eV). Then, oy = 0.92 at T = 30 meV. (c) FSs of the FeSe
model. (d) A, in the FeSe model for r = 0.239 (rU ~ 1.7 €V). Then,
o, =0.85at 7T = 30 meV.

Xnem(0) o< 1/(1 — Ap) would show a visible anomaly at 7%,
which is consistent with experiments. (Here, the increment of
Ts due to the electron-phonon interaction is not considered
for simplicity.) In contrast, the FO order at 75 causes a sizable
anomaly for x*(@Q) and xnem(0).

Another long-standing mystery is the 7-linear behavior
of nematicity ¢ in Bal22 [34] and NaFeAs [40] below T*.
In order to solve this mystery, we calculate the T depen-
dence of nematicity ¥ = (n, — n3)/(ny + n3) in Fig. 4(b),
where both f©7)(T) for T < T* and the FO order f°(T)
for T < Tg are introduced. For T < Ty, we assume fAO(T) =
f™ tanh (1.74/Ts/T — 1) fgw, where fAD"W is the obtained
form factor normalized as max | i (k)| = 1. Details of f3
are presented in SM C [45]. We employ f™* = 60 meV,
which corresponds to the energy split ~60 meV in the ARPES
measurements [1]. Because the AFB order only slightly sup-
presses the FO-order transition as shown in Fig. 4(a), the
obtained multistage nematic transitions are naturally expected
in Bal22. The T-linear behavior v o« (T* — T)forTs < T <
T* is a consequence of the relation ¥ oc [ %) (T)]* because
the £(®™) term cannot contribute to any g = 0 linear response.
Note that the form factor /™ for g = (7, 0) gives ¥ < 0.
Thus, the T-linear behavior of ¢ below T* is also naturally
explained by the AFB order. On the other hand, ¥ o« /Ts — T
for T < Ts is induced by the FO order. To summarize, long-
standing mysteries in the hidden nematic phase, such as tiny

anomalies in x*(Q) and xnem(0) at T* and a T -linear ¢ below
T*, are naturally explained in the present AFB-order scenario.

Finally, we discuss the universality of the hidden nematic
order by focusing on NaFeAs and FeSe. According to the
ARPES measurement in NaFeAs [52,53], only a single hole
band mainly composed of a d,, orbital crosses the Fermi level,
resulting from the spin-orbit interaction (SOI)-induced band
hybridization. To reproduce the single dy,-orbital-like hole
pocket in NaFeAs, we introduce the NaFeAs model without
SOI by shifting downward the d,, and d,, hole bands immedi-
ately below the Fermi level in the BaFe,;As, model. The FSs
in the NaFeAs model are shown in Fig. 5(a). Details of the
model are presented in SM A [45]. The obtained 7' depen-
dences of A, in Fig. 5(b) are similar to those in the BaFe;As,
model. The AFB order in NaFeAs is naturally understood as
a consequence of the interorbital nesting between h-FS3 and
e-FSs, as we discussed above. The FO order is driven by the
spin fluctuations on the d,; and d,; orbitals. They are not weak
because the top of the d,, and d,-orbital hole band in NaFeAs
is very close to the Fermi level according to the ARPES mea-
surements [52,53]. The derived multistage nematic transition
is consistent with the experiment on NaFeAs [40]. On the
other hand, the d,,-orbital hole pocket is missing in the FeSe
model shown in Fig. 5(c). Because the interorbital nesting is
missing, A(o,r) in the FeSe model is considerably smaller than
unity as shown in Figs. 5(d) and S4(b) in SM D [45], which
is consistent with the absence of the hidden nematic order in
FeSe [43].

In this numerical study, we neglected the self-energy. How-
ever, the results are essentially unchanged if the self-energy
is incorporated into the DW equation, as we verified in SM
E [45]: We incorporate the self-energy into the DW equation
in the framework of the conserving approximation, where the
macroscopic conservation laws are satisfied rigorously and
unphysical results are avoided.

In summary, we demonstrated that the origin of the hidden
nematic state for Tg < T < T™* in BaFe,As, and NaFeAs,
which is a long-standing unsolved problem, is naturally ex-
plained as the AFB ordered state. The tiny 7 -linear nematicity
Y = (ny; — ny;)/(ng; + ny;) as well as the emergence of the
pseudogap and shadow band are naturally explained based
on the present scenario. The phase diagrams of Bal22 and
NaFeAs are understood by the present multistage nematic
transition scenario. In contrast, the hidden nematic order is
absent in FeSe because of the absence of the d,-orbital hole
pocket.

Finally, we stress that the bond fluctuations significantly
contribute to the pairing mechanism, as explained in SM F
[45]. We will discuss this pairing mechanism in detail in future
publications.
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