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Since the discovery of the metallic antiferromagnetic
(AF) ground state near superconductivity in iron pnictide
superconductors™, a central question has been whether
magnetism in these materials arises from weakly correlated
electrons*®, as in the case of spin density wave in pure
chromium®, requires strong electron correlations’, or can even
be described in terms of localized electrons®® such as the
AF insulating state of copper oxides'. Here we use inelastic
neutron scattering to determine the absolute intensity of
the magnetic excitations throughout the Brillouin zone in
electron-doped superconducting BaFe, oNioAs, (T. = 20K),
which allows us to obtain the size of the fluctuating magnetic
moment (m?), and its energy distribution™'2. We find that
superconducting BaFe; oNig,As, and AF BaFe,As, (ref. 13)
both have fluctuating magnetic moments (m?) ~ 3.2 u2 per
Fe(Ni), which are similar to those found in the AF insulating
copper oxides'™', The common theme in both classes of
high-temperature superconductors is that magnetic excitations
have partly localized character, thus showing the importance of
strong correlations for high-temperature superconductivity™.

In the undoped state, iron pnictides such as BaFe,As,
form a metallic low-temperature orthorhombic phase with the
antiferromagnetic (AF) structure as shown in Fig. la (ref. 17).
Inelastic neutron scattering measurements have mapped out spin
waves throughout the Brillouin zone in the AF orthorhombic and
paramagnetic tetragonal phases'®. On Co- and Ni-doping to induce
optimal superconductivity via electron doping, the orthorhombic
structural distortion and static AF order in BaFe,As, are
suppressed and the system becomes tetragonal and paramagnetic
at all temperatures'. In previous inelastic neutron scattering
experiments on optimally electron-doped Ba(Fe, Co, Ni),As,
superconductors' 121922 spin excitations up to ~120 meV were
observed. However, the lack of spin excitation data at higher
energies in absolute units precluded a comparison with spin waves
in undoped BaFe,As,. Only the absolute intensity measurements in
the entire Brillouin zone can reveal the effect of electron doping on
the overall spin excitation spectra and allow a direct comparison
with the results in the AF insulating copper oxides'*!>. For the
experiments, we chose to study well-characterized electron-doped
BaFe; 9Niy;As, (refs 20,22) because large single crystals were
available® and their properties are similar to Co-doped BaFe,As,
(refs 11,12,19,21,24).

By comparing spin excitations in BaFe; yNi,;As, and BaFe,As,
throughout the Brillouin zone, we were able to probe how
electron doping and superconductivity affect the overall spin

excitation spectra. We demonstrate that whereas the low-energy
spin excitations are affected, the high-energy excitations show a
very weak temperature and doping dependence. Comparison of our
results with various theories suggests that neither a fully itinerant
nor a localized picture explains the magnetic excitation spectrum.
However, a combination of density functional theory (DFT) and
dynamic mean field theory (DMFT) provides a natural way to
improve on both these pictures.

Figure 1c—e summarizes our key findings for the electron-doped
iron arsenide superconductor BaFe; yNij;As, and the comparison
with the spin waves in BaFe,As,. The data points in Fig. 1c and
d show the dispersion of spin excitations for optimally doped
BaFe, 9Nij As, along [1,K] and [H,0] and the solid lines show the
fit of BaFe,As, spin waves to an effective Heisenberg J,, — Ji, — )
model with ]y, # Ji; (ref. 13). Figure le shows the local dynamic
susceptibility per formula unit (f.u.), which contains two Fe(Ni)
atoms, in absolute units, defined as x"(w) = [ x"(q,w)dq/ [ dq
(ref. 12), where x"(q,w) = (1/3)tr()(0’[,3 (q,w)), at different energies
for BaFe,As, and BaFe, ¢Ni ; As,. It is clear that electron doping on
BaFe, As, affects only the low-energy spin excitations by broadening
the spin waves below 80 meV, but has no impact on spin waves
above 100 meV (see Supplementary Information). The quasiparti-
cles that form within the spin density wave gap are sensitive to the
Fermi surface change on doping BaFe,As, and, hence, the resulting
low-energy itinerant spin excitations change substantially, whereas
the higher energy spin excitations are hardly affected.

To substantiate the key conclusions from the data and
calculations presented in Fig. 1, we show in Fig.2 the two-
dimensional constant-energy (E) images of spin excitations of
BaFe, yNij ;As, in the (H,K) scattering plane for several Brillouin
zones at 5 K. In the undoped phase, spin waves in BaFe,As, exhibit
an anisotropy spin gap of A =9.8meV (ref. 25). On doping,
the anisotropy spin gap disappears and the spin excitations form
transversely elongated ellipses that decrease in intensity with
increasing energy'*?'. For energy transfers of E = 10+3, 33+3,
43 £3, 60+ 10 and 81+ 10meV (Fig. 2a—e), spin excitations are
peaked at the AF wave vector Q= (1,0) in the centre of the Brillouin
zone (shown as a dashed square box). As the energy increases to
E =113+10 and 135+ 10 meV (Fig. 2f,g), spin excitations start
to split along the K-direction and form a ring around the I" point.
Finally, spin excitations near the zone boundary at E = 157410 and
214+ 10meV form four blobs centred at Q=(1, 1) (Fig. 2h,i).

To determine the dispersion of spin excitations for
BaFe, 9Nij ; As,, we cut through the two-dimensional images similar
to Fig. 2 along the [1,K] and [H, 0] directions. Figure 3a—f shows
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Figure 1| Summary of neutron scattering and calculation results. Our experiments were carried out on the MERLIN time-of-flight chopper spectrometer
at the Rutherford-Appleton Laboratory, UK (ref. 33). We co-aligned 28 g of single crystals of BaFe; gNig1As; (with in-plane mosaic of 2.5°and out-of-plane

mosaic of 4°). The incident beam energies were E; = 20, 25,30, 80,250, 450,

600 meV, and mostly with E; parallel to the c axis. To facilitate easy

comparison with spin waves in BaFe, As; (ref. 13), we defined the wave vector Q at (gx,qy,q;) as (H,K,L) = (gxa/2m,q,b/2m,q,c/27) reciprocal lattice
units (r.l.u.) using the orthorhombic unit cell, where a=b =5.564 A, and c=12.77 A. The data are normalized to absolute units using a vanadium
standard', which may have a systematic error up to 20% owing to differences in neutron illumination of the vanadium and sample, and time-of-flight
instruments. a, AF spin structure of BaFe; As, with Fe spin ordering. The effective magnetic exchange couplings along different directions are shown.
b, RPA and LDA+DMFT calculations of x”(w) in absolute units for BaFe,As;, and BaFej gNig1As>. €, The solid lines show the spin wave dispersions of
BaFeyAs; for Jig # Jip, along the [1,K] and [H, O] directions obtained in ref. 13. The filled circles and triangles are the spin excitation dispersions of

BaFejoNip1As; at 5K and 150 K, respectively. d, The solid line shows the low-

energy spin waves of BaFep As;. The horizontal bars show the full-width at

half-maximum of spin excitations in BaFe; gNig 1As;. e, Energy dependence of x”(w) for BaFe,As; (filled blue circles) and BaFeq gNig1Asz below (filled red
circles) and above (open red circles) Tc. The solid and dashed lines are guides to the eye. The vertical error bars indicate statistical errors of one standard

deviation. The horizontal error bars in e indicate the energy integration range.

constant-energy cuts along the [1, K] direction for E =25+ 5,
55+£5,95+10, 125410, 150+ 10, and 210+ 10 meV. The scattering
becomes dispersive for spin excitation energies above 95 meV.
Figure 3g—i shows similar constant-energy cuts along the [H, 0]
direction. The solid lines in the figure show identical spin wave
cuts for BaFe,As, (ref. 13). As both measurements were taken in

absolute units, we can compare the impact of electron doping on
the spin waves in BaFe,As,. At E =25+ 5 meV, spin excitations in
superconducting BaFe; yNi,;As, are considerably broader in mo-
mentum space and weaker in intensity than spin waves (Fig. 3a,g).
On increasing the excitation energy to 55= 5 meV, the dispersive
spin waves in BaFe,As, become weaker and broader (Fig. 3b,h).
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Figure 2 | Constant-energy slices through the magnetic excitations of BaFe; gNig.1As; at different energies in several Brillouin zones. Two-dimensional
images of spin excitations at the energies indicated. The images were obtained after subtracting the background integrated from 1.8 < H < 2.2 and

—0.2 <K < 0.2. The colour bars represent the vanadium-normalized absolute spin excitation intensity in the units of mbsr—"meV~"f.u.”! (mb is
millibarn) and the dashed boxes indicate the AF zone boundaries for a single FeAs layer.

For energies above 95 meV, spin excitations in BaFe, ¢NiyAs, are
almost indistinguishable from spin waves in BaFe,As, in both the
linewidth and intensity (Fig. 3c—£,i). Based on these constant-energy
cuts, we show in Fig. 1c,d the comparison of spin excitation
dispersions of BaFe; 9Ni,;As, (filled circles and horizontal bars)
with those of spin waves in BaFe,As, (solid lines). Inspection of
Figs 1-3 reveals that electron doping to BaFe,As, broadens and
suppresses only low-energy spin excitations and has no influence on
spin waves above 100 meV (see Supplementary Information).

To demonstrate further the effect of electron doping on the
spin waves of BaFe,As,, we show in Fig. 4a—d constant-Q cuts at
different wave vectors along the [1, K] direction for spin excitations
in BaFe, oNij ;As,. Near the Brillouin zone centre at Q = (1,0.05)
and (1,0.2), well-defined spin excitations are observed near E = 40
and 60 meV, as shown in Fig. 4a and b, respectively. The intensity
of the scattering from the spin excitations in BaFe; yNij;As, is,
however, much lower than that of BaFe,As,, shown as solid lines
in the figures. On increasing the wave vectors to Q = (1,0.35) and
(1,0.5), the magnetic scattering peak near E = 100, and 120 meV,
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and are essentially indistinguishable from spin waves in BaFe,As; as
shown in Fig. 4c and d. Furthermore, spin excitations have virtually
no temperature dependence between 5 Kand 150 K (Fig. 4b).

Finally, in Fig. 4e,f, we show the temperature dependence of
spin excitations at energies near the neutron spin resonance
E =9meV (refs 20,22) and at E = 90 & 5meV, respectively.
Whereas the intensity of the resonance at E = 9meV increases
markedly below T, consistent with earlier work?®, spin excitations
at 90 £ 5meV are identical on cooling from 150 K to 5K. We
note that high-energy spin waves in BaFe,As, are also weakly
temperature dependent. Figure 4g shows the energy dependence
of the dynamic spin—spin correlation lengths, which are about
& ~ 14 A and independent of excitation energy. For comparison, the
dynamic spin—spin correlation length (the solid line in Fig. 4g) in
BaFe,As, decreases with increasing energy and becomes similar to
that of BaFe, ¢Nij ; As, for excitation energies above 100 meV.

To check if spin excitations in the AF BaFe,As, and super-
conducting BaFe, yNij;As, can be understood in an itinerant pic-
ture, we calculate the local susceptibility x”(w) using the random

© 2012 Macmillan Publishers Limited. All rights reserved.
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Figure 3 | Constant-energy cuts of the spin excitation dispersion as a function of increasing energy along the [1,K] and [H, O] directions for BaFe; o
Nig.1As2. The solid lines show identical cuts for spin waves of BaFe,As; in absolute units. a-f, Constant-energy cut along the [1,K] direction at the energies
indicated. g-i Constant-energy cut along the [H, O] direction at the energies indicated. The error bars indicate statistical errors of one standard deviation.

phase approximation (RPA) based on realistic Fermi surfaces and
band structures®. Within the RPA, the polarization bubble yx°
is computed from the DFT using Kohn—Sham Green’s functions,
while the irreducible vertex '™ is approximated by the screened
Coulomb parameters U and J. Using U =1.3eV and ] =0.4eV
and performing calculations above Ty (ref. 26), we find that the
RPA estimate of x”(w) for BaFe,As, and BaFe, ¢Ni,;As, (dashed
blue and red lines in Fig. 1b) increases approximately linearly with
energy and has absolute values about a factor of three smaller than
the observation (Fig. le). Although the RPA calculation depends
on the Coulomb parameters used, we note that the five-orbital
Hubbard model calculation using U = 0.8eV and J = 0.2eV
produces essentially similar local magnetic spectra?’. Therefore, a
pure RPA-type itinerant model underestimates the absolute spectral
weight of the magnetic excitations in iron pnictides.

The solid blue and red lines in Fig. 1b show the calculated
local susceptibility using a combined DFT and DMFT in the
paramagnetic state. Within DFT + DMFT, x”(q, ) is computed
by the Bethe—Salpeter equation using the polarization function
x° and the two-particle local irreducible vertex function I''™

4

(ref. 26). x° is computed from the interacting one-particle Green’s
function determined by the charge self-consistent full potential
DFT 4 DMFT method and I''™ is extracted from the two-particle
vertex function of the auxiliary impurity problem. The latter
is defined by the DMFT procedure using the projection of all
electronic states to the d character within the iron muffin—tin
sphere. By comparing DFT 4+ DMFT and RPA calculations in
Fig. 1b with data in Fig. le, we see that the former is much
closer to the observation. Note that the calculation is done in
the paramagnetic state, hence the low-energy modifications of
the spectra due to the long range AF order are not captured
in this calculation. RPA can describe only the itinerant part of
the electron spectra, whereas DFT + DMFT captures the essential
aspects of both the quasiparticles and the local moments of iron
formed by strong Hund’s coupling (see Supplementary Informa-
tion for a more detailed discussion). The improved agreement
of DFT 4+ DMFT thus suggests that both the quasiparticles and
the local moment aspects of the electrons of iron are needed
to obtain the correct intensity and energy distribution of neu-
tron scattering spectra’.
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Figure 4 | Constant-energy/wave-vector (Q) dependence of the spin excitations and dynamic spin-spin correlation lengths for BaFe; gNig 1As; and
BaFe;As;. a-d, Constant-Q cuts at Q =(1,0.05),(1,0.2),(1,0.35), and (1,0.5), respectively, at T =5 (solid red circles) and 150 K (yellow filled circles),
with the background at Q = (2,0) subtracted. The negative scattering in the data is due to oversubtraction of the phonon background. The solid lines are
identical cuts from spin waves in BaFe;As,. For excitations below 100 meV, the intensity of the scattering of BaFej gNip.1As; is suppressed compared with
that of BaFe,As;. For energies above 100 meV, the magnetic scattering is virtually identical between the parent and superconductor. Inset indicates the
Q-cuts shown in a-d. e, Constant-energy cuts at the neutron spin resonance energy of E=9+1meV (ref. 20) below and above T,. The solid lines are
Gaussian fits on linear backgrounds. f, Temperature dependence of spin excitations at E=90+5 meV. g, Energy dependence of the dynamic spin-spin
correlation lengths (&) at 5 K obtained from a Fourier transform of constant-energy cuts similar to those in Fig. 3a-f and Fig. 4ef. For all the excitation
energies probed (10 < E <200 meV), the dynamic spin-spin correlation lengths are independent of energy. The solid line shows the energy dependence of
& for BaFep As;. The error bars indicate statistical errors of one standard deviation.
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One way to quantitatively compare spin excitations in iron
pnictides with those in copper oxides is to estimate their to-
tal fluctuating moments, defined as (m?) = (3h/7) f x"(w)dw/
(1 — exp(—hw/kT)) (ref. 12). Based on Fig. le, we find that
(m?*) =3.17+0.16 and 3.2 +0.16 u3 per Fe(Ni) for BaFe,As,
and BaFe, yNij As,, respectively. Using the formula for magnetic
moment of a spin (m?*) = (gup)*S(S+1) (where g = 2; ref. 28), we
find an effective iron spin S of about 1/2, similar to that of CaFe,As,
(ref. 29). These results also show that superconductivity in electron-
doped system hardly changes the total size of the fluctuating
moment. In the fully localized (insulating) case, the formal Fe** ox-
idation state in BaFe,As, would give a 3d® electronic configuration.
Hund’s rules would yield S=2 and (m?) =24 p2 per Fe. This is con-
siderable more than the observed values, suggesting significant hy-
bridization of Fe 3d with pnictide p orbitals and among themselves,
which leads to a metallic state where the Hund’s coupling is less
important than in the atomic limit*. For comparison, we note that
(m*) > 1.9 u per Cu for the AF insulating La,CuO, measured over
a similar energy range'*'>. From Fig. 1e, we see that the large fluctu-
ating moment (m?) in iron pnictides arises mostly from high-energy
spin excitations that are essentially independent of temperature'®
and electron doping within the errors of our measurements (Fig. 1).
As there are currently no high-energy spin excitation data in abso-
lute units for optimally hole-doped Bag ¢;K 33Fe;As, (ref. 31), it is
unclear how hole doping BaFe,As, modifies the spin-wave spectra.

The DFT+DMFT calculation suggests that both the band struc-
ture and the local moment aspects (for example Hund’s coupling)
of the iron electrons are needed to obtain a good description of
the magnetic response in BaFe,As, and BaFe, yNij ;As,. The weak
dependence of the fluctuating moment on electron doping is consis-
tent with the Hund’s metal picture, where electron filling associated
with the Fe 3d° electrons by Ni-doping is not expected to drastically
affect the local moments. What is surprising is that the similarities
between the local susceptibilities of the iron pnictides studied here
and the parents of the cuprate superconductors. The large fluctuat-
ing moment, arising from Hund’s rule coupling, and concentrated
at higher energy in iron pnictides, nevertheless gives an imprint
on the massive and anisotropic low-energy quasiparticles®’, which
form Cooper pairs at low energy. This physics is different from
the physics of the doped charge transfer insulators appropriate for
copper oxides'’, hence the electron correlations in iron pnictides
and copper oxides have different microscopic origins, although they
are important for understanding the magnetism and superconduc-
tivity in both materials.
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