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Recent STM experiments and theoretical considerations have highlighted the role of interaction-
driven orbital selectively in FeSe, and its role in generating the extremely anisotropic supercon-
ducting gap structure in this material. We study the magnetic excitation spectrum resulting from
the coherent quasiparticles within the same renormalized random phase approximation approach
used to explain the STM experiments, and show that it agrees well with the low-energy momentum
and energy dependent response measured by inelastic neutron scattering experiments. We find a
correlation-induced suppression of (7, ) scattering due to a small quasiparticle weight of states of
dyy character. We compare predictions for twinned and untwinned crystals, and predict in particular
a strongly (7, 0)-dominated at low energies in untwinned systems, in contrast to previous itinerant

theories.

PACS numbers: 74.20.Rp 74.25.Jb 74.70.Xa

I. INTRODUCTION

Among the wvarious iron-based superconductors
(FeSC), the compound FeSe has been in the focal point
of research recently. Although the bulk material has a
rather low critical superconducting transition temper-
ature T, of approximately 8 K&, there are many ways
to enhance T,. Intercalation with various other atoms
and molecules yields T, near 40 K%# and a similar en-
hancement is observed upon application of pressure 1,
Remarkably, monolayer films of FeSe on SrTiO3 reach
critical temperatures around 70-100 K2 Tn addition,
FeSe displays an interesting interplay between super-
conductivity, magnetism and nematic order, exhibiting
a structural transition from tetragonal to orthorhombic
crystal structure at T, ~ 90 K9G without ordering
magneticallyl%7, FeSe is a unique system to study the
nematic phase, which in other FeSC only exists within a
rather narrow temperature range, but the origin of the
nematicity remains unclear at present849,

It is generally believed that an understanding of the
properties of bulk FeSe may lead to a clarification of
the various routes to 7T, enhancement and possibly en-
able further improvement. Recent advances include the
determination of the structure of the magnetic phase
that forms upon application of pressure?% 22 the map-
ping of the phase diagram under both pressure and S
substitution®¥4  and measurements probing the low-
temperature quasiparticle excitations in both the normal

and superconducting states2>5U,

For clues to the reasons for suppression of magnetic
order, as well as the origin of unconventional super-
conductivity in FeSe and related materials, an impor-
tant measurement is inelastic neutron scattering (INS),
which probes elementary spin excitations via the imagi-
nary part of dynamical spin susceptibility x”(q,w )12,
These results showed the presence of strong stripe-like
(q = (m,0)) spin fluctuations at low energies, as well as

a superconducting state resonance at the same wave vec-
tor, similar to FeSC compounds that do order magneti-
cally. However, in addition they found unusually strong
Néel-type (q = (m, 7)) fluctuations whose amplitude de-
creased relative to the (,0) fluctuations as temperature
decreased below the structural transition temperature 7.
Ref. [33 further showed the existence of a significant spin
gap of 30-40 meV for (7, 7) excitations at low tempera-
tures.

From a theoretical standpoint, the lack of magnetic or-
der had been discussed even before these measurements
appeared, in terms of frustration among various possible
magnetically ordered states in extended quantum spin
models?¥ 87 including Heisenberg and biquadratic spin
exchanges. While the fluctuating moment (m?) of the
Fe ion is indeed close to ~ 5u%, the system is itinerant;
in principle a complete description of the magnetic prop-
erties should therefore explain how the observed mag-
netic excitations, along with their evolution in frequency
and temperature, arise from the original Fe d-electrons.
Indeed, the authors of Refs. B34l [36] and [38 proposed
that conventional density functional theory (DFT) cal-
culations suggested a competition between nearly degen-
erate magnetic ground states, and showed that DFT es-
timates of magnetic exchanges in FeSe placed the system
close to the boundary between several ordered magnetic
states. To explain the lack of long range magnetic order
in FeSe other authors have focused on the role of ver-
tex corrections®”, or proposed that correlations give rise
to a non-ideal orbital weight distribution at the Fermi
surfacetl. Finally, there have been some further sugges-
tions of hidden quadrupolar magnetic order*™4l but to
our knowledge there is no evidence to support this inter-
esting proposal.

The current authors performed a random-phase-
approximation (RPA) study of the magnetic suscepti-
bility of the paramagnetic system?2 employing a tight-
binding band structure for the d-bands near the FeSe



Fermi surface with coefficients chosen to fit angle-
resolved photoemission (ARPES) and quantum oscilla-
tion (QO) experiments, as well as an orbital ordering
term in the Hamiltonian with mean-field-like tempera-
ture dependence assumed. These calculations provided
a good description of many properties of the observed
spin excitations, including the existence of both stripe-
like and Néel fluctuations®3, as well as the qualitative
features of their T- and w-dependences, suggesting that
the low-energy spin excitations were indeed itinerant,
paramagnon-like entities.

Certain features of the experiment were not matched
perfectly in Ref. [42) however: the low-energy, high tem-
perature excitations near (m,7) were found to be some-
what incommensurate, in contrast to the results of Ref.
33l In addition, the low temperature, low energy (m, )
fluctuations were gapped in experiment, whereas they
had significant weight down to the lowest energies in the
calculation. Finally, the prediction for the structure of
the superconducting gap given in Ref. [42] based on a cal-
culation of the spin fluctuation pairing interaction within
the same framework, was not borne out by a recent high-
resolution quasiparticle interference experiment by Sprau

et al29

These aspects were criticized by She et al?% who pro-

posed a frustrated spin-1 picture consistent with the ideas
of Refs. B34] and [35. Within a spin-fermion model, the
authors introduced a Schwinger boson representation for
the localized spins, and ignored the Bose condensate in
order to describe the disordered quantum nematic spin
liquid. They found a spin excitation spectrum with a
commensurate (7, 7) gap, made a sharp prediction for a
strong anisotropy between (m,0) and (0, 7), and pointed
out that if the Hund’s coupling were orbitally depen-
dent, a particular choice of these couplings could repro-
duce the FeSe superconducting gap as found in Sprau
et al?. Recently, calculations employing exact diago-
nalization of J; — Jo — J3 — K Heisenberg model clus-
ters also claimed qualitative agreement with the neutron
data when the Hamiltonian parameters were chosen near
a frustration point, suggesting that a localized spin pic-
ture was sufficient®®, but this work was not able to cal-
culate spin excitations at low energies with high reso-
lution. Finally, it was noted that a system with anti-
ferroquadrupolar order also presents a strong distinction
between the susceptibility at (7, 0) and (0, 7) in the un-

twinned case3740,

The traditional RPA approach to calculating spin ex-
citations with perfectly well-defined electronic disper-
sions may indeed be expected to encounter difficulties
in systems with strong correlations, particularly for the
iron chalcogenides?”. The calculations presented in Ref.
42| incorporated some electronic correlation effects indi-
rectly, for example via renormalization of the bare DFT-
derived tight-binding band structure to fit ARPES“® and
quantum oscillations** 1, This approach amounts to in-
cluding the self-energy partially, i.e. shifting the pole
of the Green’s function according to Re X(k, w) near the

Fermi surface. However, Ref. [42] neglected the sup-
pression of quasiparticle weights Z that can be a sig-
nificant effect in correlated Fermi liquids in general. In
the context of Fe-based superconductors, a reduction of
quasiparticle weights has been discussed in the context
of orbital-selective Mottness®227, However, in the fol-
lowing we do not make a direct connection to the local-
ization in such a correlated state when using an itinerant
approach. The importance of the quasiparticleweights
for low-energy properties of the FeSe system was empha-
sized in the analysis of recent QPI data??3!, Based on the
QPI, a mechanism or the formation of Cooper pairs was
proposed which takes into account the reduction due to
correlations of the quasiparticle weights of the electronic
quasiparticles in FeSe®®. As discussed initially within dy-
namical mean field theory (DMFT)*%% and confirmed
qualitatively by ARPES?2 the FeSC are systems with
moderately correlated electronic structure that exhibit
stronger renormalizations of certain orbital states*@28k in
particular, the d,, orbital quasiparticle weight is generi-
cally strongly suppressed as seen by a large mass renor-
malization of the d,-dominated band. Furthermore, in
the nematic FeSe system, the renormalizations of the d,
and the d,, orbitals have been proposed to be signifi-
cantly different??°8760  Tndeed, ARPES orbital polariza-
tion analysis on untwinned crystals is consistent with this
hypothesis® 03 to the extent that the electron pocket of
d. character has proven very difficult to observe®2.

In this work, we revisit the calculation of Ref. [42, and
examine the physical magnetic susceptibility in presence
of interactions measured by neutrons, incorporating now
the orbital selective quasiparticle weights found in the
recent studies of Refs. [29] 30, and [58. We find that
the earlier low-energy discrepancies with the INS experi-
ments are repaired without further fine tuning, and pro-
pose therefore that an itinerant approach, properly ac-
counting for Fermi liquid renormalizations, is indeed the
most complete theory of the FeSe nematic state, repro-
ducing the features that seemed to be restricted to local-
ized spin models. In addition, we perform calculations
appropriate both for twinned samples and for untwinned
ones. We predict that the effect of orbital selective quasi-
particle weight is to strongly suppress the spin excitation
intensity at q = (0,7) compared to (m,0). Finally, we
explore the consequences of the quasiparticle weights for
other low-temperature properties such as the supercon-
ducting state neutron spin resonance.

II. MODEL

In this work, we use a tight-binding parametrization
proposed for FeSe earlier42:28:04

H=">" #cl (Kews(k), (1)
koot

where czg(k) is the Fourier amplitude of an oper-
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FIG. 1.

(a) Fermi surface of our model assuming coherent
quasiparticles (Z; = 1) for FeSe showing orbital content of the
bands in false color; (b) the corresponding density of states
at low energies.

ator C;'rea that creates an electron in Wannier orbital

¢ with spin o € {f,1} and #* is the Fourier trans-
form of the hoppings. Specifically, we use the hop-
pings given in Ref??. Here, ¢ is an orbital index
with ¢ € (1,...,5) corresponding to the Fe 3d orbitals
(dmya d 2_y2, d:z:Z7 dyZ7 d3z27r2)~

Note that in the kinetic energy of this model we have
also included spin-orbit coupling of type S*L?, which
gives rise to imaginary hopping elements onsite between
different orbitals. Details of the corresponding elements
have been discussed in Ref. [65] and the consequences of
such a term, namely the splitting of the two hole-like
bands along the line I'-Z in the Brillouin zone have been
discussed earlier??®8 and are in line with experimental
findings%%. At low temperatures, FeSe is found to be
nematic and the corresponding splittings of the eigenen-
ergies have been modeled by the introduction of an on-
site potential in the d,, and d,, orbitals (site order A;)
and a bond order term A, which changes the hoppings
of those orbitals to the nearest neighbor positions (bond
order). The orbital order and the associated splittings
of the band structure can be captured theoretically at a
semi-quantitative level®%2. Tn momentum space at low
temperatures, this term then reads

Hoo = Ay Z(cos ky — cosky)(ng. (k) + ny.(k))
k
+ A (naa(k
k

where ng(k) = > c}a(k)c&,(k). Recently, Ref. [70
suggested that an additional term of type A’ (cosk, +
cos ky)(ng.(k) — ny.(k)), could be important, but we
do not consider such effects here. A unitary trans-
formation with the matrix elements af,(k) diagonal-
izes the Bloch Hamiltonian such that it becomes
H=3%%,, B, (k)cf,, (k)cw (k), with eigenenergies E,, (k)
that match the maxima of the spectral function as de-
duced experimentally??3049 50T and ¢f (k) creating an
electron in Bloch state u,k. Together with the experi-
mental observation of the band structure E,,(k), proper-

) = 1y (k) (2)

ties of the spectral function A(k,w) can be deduced. We
parametrize the Green’s function in orbital space as

al” (k)
E (k)
*(k)GH(k,wn), (3)

Goor (k,wn)

=/Z0Zu Z o (k)" (k)
\/Zng/ Za

with quasiparticle weights Z; in orbital £ and we have in-
troduced the (coherent) Green’s function in band space
as G*(k,wy) = [iw, — E,(k)]~". Note the Green’s func-
tion G, which we refer to as renormalized or incoherent
because the quasiparticle weight factors Z < 1 are in-
cluded, does not include the actual incoherent spectral
weight, such that the resulting total electron density is
not calculated consistently. We note further that the self-
energy in general also exhibits a nonzero imaginary part
which is expected to grow quadratically with the energy
measured from the Fermi level. Our parametrization is
therefore simply a phenomenological ansatz that agrees
with the low energy properties of the spectral function
Ak,w) = >, Gu(k,wy) of the real material®** but
contains effects of correlations and properties of the elec-
tronic nematicity beyond results from DFT based meth-
ods in this system.

We include local interactions
Hubbard-Hund Hamiltonian

H= UZ nigynie, + U’ Z 10T

via the standard

1,0/ <t
+J Z ZCZZU Cipro Cita' Citl o
i<l o0’
+ 0 clpely e, (4)
0,0 #L

where the parameters U, U’, J, J' are given in the no-
tation of Kuroki et al™ Imposing spin-rotational invari-
ance, i.e. U’ = U — 2J, J = J', there are only two
parameters U and J/U left to specify the interactions.

Note that these interactions will lead to a self-energy
e (k, wy,) which induces both a shift of the eigenenergies
and a reduced quasiparticle weight at the Fermi level as
we model it with our ansatz. The k-dependent shift of the
bands is effectively included already in our renormalized
band structure £, (k) since it is fit to experiment, but the
Z-factors must be included explicitly®® via our ansatz (3)).
A microscopic calculation of the self-energy is in progress,
but is beyond the scope of this paper.

Within the current ansatz, two-particle properties are
renormalized in similar ways; for example, the orbital
susceptibility in the normal state is

,@)G* (k +q)G" (k)

(5)
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where we have adopted the shorthand k£ = (k,w,,) and
defined the abbreviation
i

01020304 (kvq) =V Zfl ZZ2Z33254 (6)

xay! (K)a,* (K)ay, (k + q)a,* (k + q).

The internal frequency summation can be performed
analytically and we calculate )221 0,040, DY integrating over
the full Brillouin zone. Actually, it is easy to see, that one
can calculate the susceptibility Xgl 0,040, USING a fully co-
herent Green’s function (without the quasiparticle weight
prefactors in Eq. ) such that the two quantities are
just related by the equation

221£2f3£4 (q) Zgl ZZ2 ZKS ZZ4 X21€2€3€4 (q)’ (7)

i.e. the quasiparticle weights just enter as prefactors and
suppress certain orbital channels, thereby altering the
momentum structure of this quantity straightforwardly.
This leads to a relative suppression of the susceptibility
in the d;, channel compared to the d,, channel with the
quasiparticle weights employed®® as also found in recent
DMFT investigations on FeSe™. When one transforms to
the band basis, these renormalizations of course acquire
an additional momentum dependence.

Turning now to the consequences of the low-energy
parametrization, it has been discussed previously®® that
the bare static susceptibility in the fully coherent case
has overall similar magnitude in the q = (7, 7) versus
q = (m,0) channels but with orbitally distinct momen-
tum structure. This can be partially understood by the
different nesting conditions at low energies for the differ-
ent orbital components: The d,, component, present pre-
dominantly on the electron pockets, has a maximum at
q = (m,7) due to scattering with this momentum trans-
fer, while the components for d,. (d,.) have maxima at
q = (m,0) (@ = (0, 7)) from similar dominant scattering
between the hole-like band and the electron-like band at
the X point (Y point). Note that the influence of the or-
bital order, as presented in Eq.7 on the eigenenergies
is rather small compared to energy scales of the elec-
tronic structure, i.e. the bandwidth W > A, = 9.6meV,
W > |Ap] = | — 8.9meV]|, thus the resulting differences
in the susceptibility between the X and Y points from a
conventional coherent calculation are weak as well2S,

Employing now the quasiparticle weights as de-
duced from a calculation of the superconducting or-
der parameter?” and in agreement with considerations
from observed anisotropies in the scattering amplitudes
in the normal state of FeSe®!| ie. fixing {\/Z;} =
[0.2715,0.9717,0.4048,0.9236,0.5916] (“Z, set I” for or-
bitals xy, ¥? — 4%, 2z, yz, 2% ) and using Eq. , it is
apparent that certain components of the bare susceptibil-
ity will be suppressed, with important consequences for
the momentum structure of the physical spin susceptibil-
ity changing the dominant low-energy weight from (7, )
to (m,0).

We stress that the actual numbers for Z; written above
are subject to large uncertainties, and will depend also
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FIG. 2. Values of the quasiparticle weights Z; set I as obtained
from the calculation of the superconducting order parameter
(dots). The corresponding error bars have been obtained by
changing one quasiparticle weight such that the reduced x?2
in the fit to the QPI-determined gap function in Ref. [29
increased by one. An alternative set of quasiparticle weights
(Z¢ set 1I) within this range of the error bars has been used
for calculations as well (black triangles)

to some extent on the initial bare band. However, it
appears clear that the d;,-dominated (m,7) scattering
needs to be suppressed, and that additional (compared
to a nematic but fully coherent scenario) anisotropy in
the quasi-particle weights between d, ., and d, is also nec-
essary for explaining both the normal state QPI and the
superconducting gap structure within a modified spin-
fluctuation theory.

In this paper, we focus primarily on the set of Z,’s
given above that provided the best fit to the supercon-
ducting gap in Ref. 29] as a consistency check. However
it is clear that a range of such choices is consistent with
the data in Refs. 29and 30. To give a rough idea of what
Z’s are possible for FeSe within the current framework,
we have compared the calculated superconducting gap
with the experimental error bars from Ref. 29 varying
each Z; independently. Fig. [2] shows the allowed values
according to this procedure. It is clear that somewhat
larger error bars would be allowed if correlated variations
of the Z’s were taken. For this work, due to computa-
tional restrictions, we consider only the “canonical” set
given above from Ref. [29] and, where indicated, a sec-
ond set {v/Z;} = [0.5215,0.9717,0.5298, 0.8986, 0.5916]
(“Zy set I1”) with somewhat less suppression of Z,, and
reduced differentiation between 7., and Z,.. This set,
marked with black triangles in Fig. is still consis-
tent with the determination of the superconducting gap
in Ref. 29, as shown. Note that the values of Z,>_,
and Z,2 are essentially irrelevant since the corresponding
d-states have no weight at the Fermi level in FeSe.

Interactions (Eq. ) can be incorporated into two-
particle properties via the random-phase approximation



(RPA) by summing a subset of diagrams to evaluate the
full response function (see, e.g. Ref. [75]). The spin-
fluctuation part of the RPA susceptibility, Y}, is given
as

By (@,w) = {(@.w) [1 - T (a,0)] '}

(8)

The interaction matrix U® in orbital space is composed
of linear combinations of U, U’, J, J' and its form is given,
e.g., in Ref. [76l The total physical spin susceptibility is
then given by the sum

1 -
X(q, CU) = 5 Z X?gﬁ’f’ (qv w) = Z Xe (qa UJ) . (9)
2% £

Similarly, the spin fluctuation pairing interaction is ob-

tained from the usual expressions™ with the substitution
0 - 58

XT X0

IIT. RESULTS
A. Spectral function

The orbital-dependent quasiparticle weights Z; have
direct consequences for the QPI and single-particle ob-
servables such as the spectral function, A(k,w). For ex-
ample, in Fig. a) we show A(k,w) at w = 0 versus
k. As seen the reduced quasiparticle weight of d, and
dy. compared to d,, leads to a washed-out Y-electron
pocket, whereas the hole-pocket a I' and the peanut-
shaped electron pocket at X remain “coherent”. In
Fig. b) we focus on the hole-pocket and compare the
orbitally resolved spectral function for Z, sets I and II
with \/Z,./Z,. = 2.3 (a,b) and \/Z,./Z,. = 1.7 (c,d),
respectively. Both these ratios are within the regime of
relative weights that fit the QPI data both in the normal
state and the superconducting states, and yield a SC gap
structure consistent with experiments. As seen, in the
former case the hole pocket is dominated by d,. orbital
character, whereas in the latter case d,, dominates the
hole pocket. The reason that d,, may dominate despite
Zy./Zy. > 1 is because of the dominant d,. character of
the hole pocket in the bare (orbitally ordered) band as
it can be seen in the angular plots of the wavefunction
weights |al,(k)|? as presented in Fig. [4| (a). In the same
figure, the effect of the quasiparticle weights is shown by
plotting the maximum of the spectral function orbitally
resolved 4;(k,0) in (b).

B. Spin excitations in the normal state

For the calculation of the spin excitations, we as-
sume local repulsive interactions described by the usual
Hubbard-Hund Hamiltonian *# %7 for U = 0.57eV
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FIG. 3. (a) Spectral function of the electronic structure at
zero energy of our model with reduced coherence (Z; set I).
For better visibility, the areas around the I, X and Y point
are blown up as indicated. (b) Partial spectral function at
zero energy close to the I' point in the Brillouin zone. (c) and
(d) show the same quantities with quasiparticle weights set
II still within the range of uncertainties, see Fig. marked
with a hexagon which are still within the range where agree-
ment to the experimentally observed superconducting order
parameter can be achieved™®.

(U = 0.36eV for the fully coherent calculation®®), J =
U/6, and calculate the static and dynamic susceptibility
Xrpra(q,w). Note that these values of the Hubbard inter-
action need to be considered as effective interactions in
an RPA approach and cannot be compared to the bare
interactions as employed in quantum monte carlo investi-
gations for example. These are different for the two cases
in consideration, but in both cases chosen to be close to
the magnetic instability as suggested by the proximity
of the real FeSe system to a magnetic order. No addi-
tional Z-factors beyond those implicitly appearing in
enter at this level. To compare directly to the measured
dynamical structure factors found by neutron scattering
experiments, we use the magnetic form factor™ f(q) of
Fe?t in
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oo (@ Imxaea(aq.w). (10)

S(q,w) = 1

Note that due to the form factor, this quantity is not
identical in the first and second Brillouin zones. For all
the results presented below the color code shown in Fig. [6]
is used and the momentum regions of the constant energy
cuts are defined in the same figure.

C. Twinned crystals

Focusing first on the dispersion of the spin excitations
relevant for twinned systems along the high symmetry
directions of the Brillouin zone, for a direct compari-
son with Ref. B3l we show in Fig. [5| an intensity plot
of the structure factor for the fully coherent calculation
(a), the experimental result (b), and the case with re-
duced orbital coherence (Z; set I) as in Ref. 291 (c). As
seen, the overall dispersion of the low-energy excitations
is only captured in (c), where a spin- pseudogap reminis-
cent of the experimental situation exists near the (m, )
region and the stripe-like excitations completely domi-
nate over the Néel-like ones. Note that the details of the

high-energy magnetic fluctuations cannot be expected to
be theoretically captured by a model with tight-binding
Hamiltonian that is known to fit mainly the low-energy
band structure. In addition, we have also not accounted
for the expected increase of Z-factors with energy.

Turning next to the constant energy cuts relevant for
twinned crystals, we show in Fig. |[7| the energy evolu-
tion of the momentum dependent spin structure factor
S(q,w) at low T. Panels (a-i) are the results for S(q,w)
of an uncorrelated calculation with all Z = 1 and should
be compared to panels (j-r) which show the equivalent
experimental data adapted form Ref. B3l As seen, de-
spite the fact that the model used to obtain the results in
(a-i) exhibits a Fermi surface that almost quantitatively
agrees with that extracted from ARPES and STM mea-
surements, the agreement is poor. The model strongly
overestimates the spectral weight at q = (7, 7), partic-
ularly prominent at the lowest energies. The q = (7, 7)
weight is an inevitable consequence of the two electron
pockets and their inter-band nesting of mainly d,, char-
acter.

Turning next to the scenario of orbital selectively, we
show in the lower row of panels in Fig. s—ae), the theo-
retical result of the Cy-symmetrized dynamical structure
factor S(q,w) including the weight factors set I. As seen,
the suppression of the d,, orbital contribution immedi-
ately resolves the “(m,m)-problem” at low energies. We
stress that it is indeed the d, orbital that exhibits the
smallest Z-factor as found by DFT+DMFT and slave-
spin methods* ™, The evolution of the low-energy mag-
netic excitations within the orbital selective scenario is
in overall good agreement with the neutron data as seen
from a comparison of panels (j-r) and (s-&). In particu-
lar one notices the dispersion of both the q = (7, 0) and
q = (0, 7) peaks towards the q = (7, 7) point around 150
meV.

D. Untwinned crystals

There are important effects of the orbital dependent
quasiparticle weights Z; manifesting themselves clearly in
the untwinned (non-Cy-symmetrized) case, related to the
surprisingly large Z,. — Z,, splitting reported by Sprau
et al” in the nematic phase. Figure |8 shows constant
energy cuts of S(q,w) as in Fig. |7} but not explicitly
Cy-symmetrized and plotted over a different g-range to
make the asymmetry between (7,0) and (0,7) appar-
ent. This models the expected neutron response at low
T from untwinned FeSe samples. As seen from Fig. j—q)
the response strongly breaks C; symmetry, such that the
entire low-energy spectral weight is located at q = (7, 0),
and not at q = (0,7). This is in contrast to the result
for a fully coherent Fermi liquid with Z; = 1 as seen in
Fig. a—i). Naturally, in both cases the structure factor
is only Co-symmetric due to the nematic order, but the
complete absence of weight at g = (0, ) is not obtained
from a standard itinerant scenario with electron pockets
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FIG. 5. Intensity plot of S(q,w) for a twinned FeSe crystal showing the dispersions of the spin excitations (a) from the model
without correlations, Z;, = 1 (b) measured dispersions from Refl33] and (c) calculated from the model with orbital selective
correlations, Z; < 1 (set I). For color scale, see Fig. @ Theoretical spectra were calculated at T = 40 K.

both at X and Y. Only when including the effects of
reduction of coherent weight on the Y-pocket, does the
q = (0, 7)-signal essentially vanish.

The dispersion of the magnetic excitations comparing
the results for the detwinned and twinned cases are shown
in Fig. El Figure Eka shows the case of fully coherent
quasiparticles, whereas Figs. Ekb display the case of or-
bital selective quasiparticle weights and (c) the same re-
sult for the alternative set of Z;. Only in the latter two
cases, is the strong anisotropy clearly evident for the de-
twinned situation. The final excitation spectrum is essen-
tially gapped except from the branch dispersing down to-
wards q = (7, 0). Note that our approach should only be
reliable in the low energy regime which we made evident
in Fig. [0 by fading out the colors above ~ 100 meV. Be-
yond this energy, we do not have a reliable model for the
electronic structure (eigenenergies £, (k)), the incoherent
part of the Green’s function might be non-negligible and
the broadening of the coherent part of the Green’s func-
tion due to an imaginary part of the self-energy cannot
be ignored any more.

The shift in the momentum structure of the spectral
weight between the coherent and less-coherent cases can
be quantified in momentum integrated spin fluctuations
separating fluctuations at (m,0) (stripe X), (0, ) (stripe

@) Smax 2T {1m)] ©
- 110!
Z 5 --- ®
= 301:e; :
3 -1 (7770) ‘
g: 2 4 : 1
< 0 1 2| @&--e---@
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FIG. 6. (a) Color code for the maps of the spin fluctuations
within this work. (b) Plot range of the maps and integration
areas for the local fluctuations of stripe type (green box) and
Néel type (blue box). (c) Plot range for the untwinned maps
centered around the Brillouin zone (dashed line).

Y) and (7, m) (Néel), and is displayed in Fig. As seen,
the stripe X and stripe Y regions are essentially identical
(vastly distinct) in Fig.[10[a) (Fig.[10[b)) throughout the
whole low energy region. The inclusion of quasiparticle
weights imply that the spin fluctuations at the lowest
energies are strongly dominated by the (,0) region as
seen by comparison of Fig. [I0[a) and [L0|(b).

E. Response in the superconducting state

In the superconducting state, we calculate the BCS-
susceptibility tensor by assuming an order parameter
that is diagonal in band space. For this purpose, we use
the result of a calculation of the symmetry function g(k)
on the Fermi surface from the solution of the linearized
gap equation®?58 and approximate the order parameter
away from the Fermi surface using a Gaussian damping
factor of exp(—F,, (k)?/AE?) where the energy scale AE
is several times the maximum gap magmtudelaII Then,
we can obtain the eigenenergies of the Bogoliubov quasi-
particles by separate diagonalizations in each band to get

eu(l) = /B, ()2 + A, (K)2.
sion for the susceptibility tensor is thenS?

The corresponding expres-

Mmzzm (k,q) (11)

kv

x [Ggeg(k + @)Ghos (k) + Faeg(k + ) Fos (k)]

where the normal Green’s function reads

~0
Xelz2e324

iwn + E,, (k)
GE (k) = ———1 12
BCS( ) w,,% +€H(k)2? ( )
and the anomalous Green’s function is given by
Auk)
Flos(k) = =~ (13)

wi + eu(k)?

In Fig. we focus on the low-energy region and the
emergence of the neutron resonance as seen by the blue
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FIG. 7. Maps of the dynamical structure factor S(q,w) at constant energies and Cs-symmetrized to mimic twinned crystals:
(top row) The electronic structure of fully coherent electrons produce substantial spectral weight close to (, ) together with
a rather weak dispersing weight close to (m,0). The color scale is defined with the maximum set by the values given at each
panel of the maps. Definition of the momentum space area and the color scale is given in Fig. @ (middle row) Constant
energy spin fluctuations as measured by INS adapted from Ref. [33] at the same energies. (bottom row) Theoretical calculation
of the Cs-symmetrized dynamical structure factor S (q,w) within the picture of orbital selective less coherent quasiparticles,
the dominant intensity is exhibited close to the (m,0) and (0, 7) regions.

curve in Fig. a). The neutron resonance occurs only
at (m,0), as seen both from the inset in Fig. [10[b) and
comparison of the two difference-plots in Fig.[11j(c,d). An
unusual property of the FeSe neutron resonance within
the present scenario is seen from the orbital resolved spin
susceptibility in Fig.[11{(b), i.e. it is mainly of d,,, charac-
ter. Therefore, an important consequence of the orbital
selective quasiparticle weights is to render the neutron
resonance highly momentum and orbital dependent.

IV. RELATION TO OTHER WORKS

Iron selenide is a fascinating system where nematic-
ity, magnetic fluctuations, and significant electronic cor-
relations conspire to produce unusual superconductiv-
ity in a compensated metal with tiny Fermi surface
pockets of varying orbital character. The small energy

scales and orbital mixing make the compound a signif-
icant challenge for both theory and experiment. Since
the discovery of new cold vapor deposition methods al-
lowed for the growth of high-quality stoichiometric crys-
tals several years ago, theories have been gradually im-
proved as higher resolution experiments were performed.
Recently, several theories** 28B4 i addition to the
present approach??8 have appeared which study self-
energy effects in FeSe, and some also present calculations
for the structure of the superconducting gap measured by
QPI and ARPES™®58%  Tn many respects, these ideas
parallel our own, although they do not all invoke the con-
cept of quasiparticle weight renormalization. The simi-
larity arises because within our approximation, the quasi-
particle weight factors Z, influence the effective interac-
tion by renormalizing its momentum dependence. In this
framework, the incoherent part of the electron is not in-
cluded, an assumption that needs to be justified by more
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FIG. 8. Predicted maps of the dynamical structure factor S(q,w) for inelastic neutron experiments using untwinned crystals:
Within the picture of fully coherent (a-i) and not fully coherent (j-r) quasiparticles presented for energy transfers as indicated
in the first row and for a momentum space with q = 0 at the center of each map. As seen, the main difference between the
two approaches is the strongly reduced weight at both (7, 7) and (0, 7) for the correlated case in panels (j-q). The definition

of the momentum space area and the color scale is given in Fig. [6]

complete microscopic calculation, but seems reasonable
provided the incoherent weight is at high energies88:89,

Recent alternative theoretical works have discussed
other possible causes for an unusual momentum depen-
dence of the effective interaction that ultimately gives
similar results for the superconducting gap. Kang et
al®® considered a low-energy model?? with independent
orbital ordering amplitudes at I'/Z, X and Y points?,
and calculated the effect of this induced nematicity on
the quasiparticle orbital character at the Fermi surface.
They did not include quasiparticle decoherence effects,
with the exception of the d,, orbital, which they com-
pletely suppressed explicitly. These authors then found
electron and hole weights in accord with some ARPES
experiments, and deduced anisotropic repulsive interac-
tions leading to a superconducting gap with the correct
qualitative anisotropy if calculated using an electronic
structure with large hole pocket as observed close to the
Z point. The anisotropy of the gap is however very small
and has minima where maxima are observed experimen-
tally if the gap is calculated on the small hole pocket
near the I' point. Benfatto et al’®¥ followed an approach
which has similar physical consequences as the one pre-
sented in the present work. The main difference is that
the deformation of the low-energy electronic structure
in the nematic phase is described by calculating a one-
loop self-energy based on a phenomenological nematic
spin fluctuation propagator. Scattering to d, states was
explicitly neglected. The corresponding pairing interac-
tion was found to be highly anisotropic, leading to a gap
structure consistent with experiment. Rhodes et al™
accomplished the same thing in a nominally more real-
istic RPA spin fluctuation pairing calculation by ignor-
ing the contribution from the Fermi surface pocket at Y
to the pairing entirely, while nevertheless including this
band in the quasiparticle energy. While apparently in-
consistent, this amounts to a theory of strong pocket-
rather than orbital-dependent quasiparticle renormaliza-
tions somewhat analogous to the approach presented here

and in Refs. 29 and B8

All these itinerant approaches propose fits to the gap
anisotropy, but since full calculations of the dynamical
susceptibility are not always presented, it is not clear
what predictions they would make for the relative intensi-
ties of (m,0) and (0, 7) excitations. We therefore propose
this as a good test to distinguish between the various the-
oretical models. We note that the strong-coupling the-
ory of the “nematic quantum paramagnet” put forward
in Ref. [44] reaches similar conclusions to ours regarding
the (m,0)/(0,7) anisotropy. Some degree of anisotropy
would generally also be obtained within the framework
of Ref. [84], which makes the basic assumption of stronger
fluctuations at (m,0).

Since the publication of Ref. 29, new experiments have
both confirmed and challenged some aspects of our de-
scription. The quasiparticle interference experiment of
Ref. 130l shows that the momentum dependent renor-
malization of interactions is present already in the ne-
matic normal state above T, and is remarkably consis-
tent with the Zy-factors determined by fit to experiment
on the superconducting gap structure. The Y electron
pocket, which should have little coherent spectral weight
in our analysis since it consists entirely of d;, and d.
weight, has proven nearly impossible to observe in either
ARPES9272 oy STM22,

On the other hand several ARPES experiments have
found less d,. weight on the I'-centered hole pock-
ets than expected in the current renormalized band
structureS272585l and failed to detect the expected reduc-
tion in dzy and d., character on electron pockets 281,
We believe that the actual determination of the Z factors
from ARPES measurements will require careful modeling
and integration of Energy Distribution Curves (EDCs),
and will be needed to resolve these controversies.
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FIG. 9. Expected cuts in g-space of the dynamical struc-
ture factor S(q,w). (left) detwinned crystals, (right) twinned
crystals where (m,0) and (0,7) become equivalent because
of the domain averaging. At higher energies, our theoretical
approach is not valid any more, see text (fading out towards
white). Uncorrelated model (a) compared to correlated model
(b) and a calculation with an alternative set of quasiparticle
weights Z; (c).

V. CONCLUSIONS

Above, we reviewed a theory of the low-energy band-
structure and interactions that accounts only for the co-
herent part of the quasiparticles near the Fermi level,
with strongly reduced xzy and xz quasiparticle weights,
which earlier had been shown to account well for the
structure of the superconducting gap and normal state
quasiparticle interference. In this work, we have calcu-
lated the expected inelastic neutron scattering intensity
for FeSe within this framework, considering both the set
of Z,’s taken from Ref. 29] as well as a set corresponding
to more moderate correlations. Both are consistent with
the low energy, low-temperature neutron data, as well as
with the superconducting gap anisotropy within experi-
mental error bars. As expected, the strong decoherence
of the d, states at the Fermi level dramatically sup-
presses (7, 7) excitations at low energy, leading in fact to
a spin pseudogap roughly consistent with experiment. In
addition, we have made predictions for untwinned crys-
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FIG. 10. Momentum integrated spin fluctuations separating
fluctuations at (m,0) (stripe X), (0,7) (stripe Y) and (m, )
(Néel) for the fully coherent model (a) and the corresponding
result with reduced coherence (b). The insets show details at
low energy.

tals appropriate for when such experiments become fea-
sible. The very striking aspect of the theory is that the
low-energy spin excitation intensity at (w,0) and (0,7)
becomes extremely anisotropic, with (0,7) fluctuations
essentially eliminated.

That this is not the case for the standard RPA ap-
proach without such quasiparticle renormalizations was
pointed out earlier in Ref. [44] which obtained similar
results to the present work regarding this point within a
strong-coupling picture. This agreement suggests that
our renormalized multiorbital Fermi liquid shares fea-
tures in common with the nematic quantum paramag-
netic state described in that work, which was inspired in
turn by explanations of the lack of long-range magnetic
order in FeSe relying on frustration of various competing
magnetic states?¥39, Tt is however difficult to make a di-
rect connection between our Fermi liquid picture and the
quantum paramagnetic state because the latter does not
adopt a perturbative approach.

In addition, we have discussed the results of several
other itinerant approaches to FeSe, all of which have pro-
posed slightly differing accounts of how the observed gap
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FIG. 11. Plot of the magnetic susceptibility to show the

effect of the superconducting state: (a) Local susceptibility
(integrated over the full BZ) at high temperature and low
temperature, (b) orbitally resolved local susceptibility at low
temperature, (c) difference between 7' = 40 K simulation and
T = 5K simulation; (d) same as before, but only integrated
around (7, 0), the dominating momentum transfer.

anisotropy arises. That this is possible follows from the
fact that our approach is essentially equivalent to a k-
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dependent renormalization of the pairing interaction, in
particular one which suppresses (7, 7) and (0, ) fluctua-
tions and thereby the pairing amplitudes in these direc-
tions. Other approaches can in principle construct effec-
tive interactions for fully coherent quasiparticles where
the required momentum dependence arises from a redis-
tribution of orbital character in the nematic phase, or
from highly anisotropic nematic spin fluctuations. At
present, measurements of the superconducting proper-
ties, given apparent disagreements among ARPES mea-
surements, are probably not sufficient to enable one to
differentiate among the theories. We have therefore pro-
posed here that inelastic neutron scattering measure-
ments on untwinned FeSe will be a fundamental and use-
ful experimental probe addressing this question directly.
The orbitally selective spin fluctuation approach, with
values of quasiparticle weights Z;, determined by fits to
both superconducting staté?? and normal state QPISU,
implies a very large (7,0)/(0,7) anisotropy in the spin
excitation spectrum of such a system. This prediction
should be observable in inelastic neutron measurements
on mechanically detwinned samples.
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