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Spin excitations in optimally P-doped BaFe,(As, 7Py 3), superconductor
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We use inelastic neutron scattering to study the temperature and energy dependence of spin excitations in an
optimally P-doped BaFe,(Asg 7Py 3), superconductor (7. = 30 K) throughout the Brillouin zone. In the undoped
state, spin waves and paramagnetic spin excitations of BaFe,As, stem from an antiferromagnetic (AF) ordering
wave vector Qp = (£1,0), and peak near the zone boundary at (+=1,%1) around 180 meV. Replacing 30% As by
smaller P to induce superconductivity, low-energy spin excitations of BaFe,(Asy 7Py 3), form a resonance in the
superconducting state and high-energy spin excitations now peak around 220 meV near (3=1,=£1). These results
are consistent with calculations from a combined density functional theory and dynamical mean field theory,
and suggest that the decreased average pnictogen height in BaFe,(Asg ;7P 3), reduces the strength of electron
correlations and increases the effective bandwidth of magnetic excitations.
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I. INTRODUCTION

Since the discovery of unconventional superconductivity in
iron pnictides near antiferromagnetic (AF) instability [1-7],
a central issue has been whether these materials are funda-
mentally different from copper oxide superconductors, where
the magnetism and superconductivity are derived from Mott
physics and its associated electron correlations [8—14]. Since
iron pnictides have tetrahedrally coordinated nearest pnictogen
atoms, the 3d level in Fe ions splits into an e, state and a
few hundred meV higher #,, state [15-22]. Without Hund’s
rule interaction, the e, state would be fully occupied with
four of the six Fe 3d electrons while the remaining two 3d
electrons should reside in the #,, state crossing the Fermi
level. The presence of a strong Hund’s coupling Jg, which
tends to align spins of all the electrons on a given Fe atom,
competes with the crystal field splitting and promotes high
spin states of the Fe 3d electrons, resulting in large charge
and spin fluctuations. Although it is generally accepted that
electron correlations are also present in iron pnictides [11-14],
it remains unclear if the correlation strength is controlled by
the on-site Hubbard U interaction as in the case of cuprates [8]
orifitarises primarily from the Hund’s coupling Jy within one
atomic site [15-17]. The local moments formed by the Fe 3d
electrons, especially those in the dy., d,., and d,, orbitals,
are coupled to their nearest neighbors by both the direct
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exchange associated with nearest-neighbor Fe-Fe distance and
anisotropic superexchange interactions via hopping through
the As pnictogen [Figs. 1(a)-1(c)]. By increasing the Fe-
pnictogen distance, electron hopping between the nearest
Fe ions becomes difficult, and the system is localized with
enhanced electron correlations. On the other hand, reducing
the Fe-pnictogen distance facilitates the electron hopping, thus
reducing the electron correlations.

Using density functional theory (DFT) combined with
dynamical mean field theory (DMFT) suitable for describing
the Hund’s coupling in iron pnictides [15-17,23,24], the
evolution of spin excitations in electron- and hole-doped
BaFe,;As, can be calculated [25-27]. In particular, the the-
ory predicts that spin-wave and spin excitation bandwidths,
defined as the peak in energy dependence of the dynamic
susceptibility x”(E) integrated near the AF zone boundary
(£1,£1) [25,27], in different iron pnictides are controlled
by the iron-pnictogen distance and the valence of the Fe
atoms similar to electron correlations [28]. Experimentally,
spin waves and spin excitations in the electron- and hole-doped
AFe;As; (A = Ba, Sr, Ca) family of iron pnictides mapped
out by inelastic neutron scattering experiments throughout
the Brillouin zone [29-33] are qualitatively consistent with
the DFT+DMFT calculations and peak around 180 meV near
(1,1) [25,27]. Although neutron scattering experiments on spin
waves of NaFeAs, which has a larger pnictogen height (hp, =
1.416 A) [34] compared with that of BaFe,As, [Fig. 1(b),
hp, = 1.36 A, confirm the notion that increasing pnictogen
height in iron pnictides decreases the spin-wave bandwidths
to ~110 meV near (1,1) and increases the electron correlation
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FIG. 1. (a) The crystal structure of BaFe,(As;_,P,),. The pur-
ple, silvery, and blue balls indicate Fe, As/P, and Ba positions,
respectively. (b), (c) Schematic diagrams of the FeAs tetrahedron,
showing the average iron-pnictogen height decreased from 1.36 A
for BaFe,As, to 1.28 A for BaFe,(Asg+Po3): [37]. (d) The energy
dependence of S(Q, E) of spin waves of BaFe,As, along the (1,K)
direction (with integration of H from 0.9 to 1.1 r.L.u.) after subtracting
the background integrated from 1.8 < H < 2.2 and from —0.25 <
K < 0.25rlLu. with E; = 450 meV at T = 10 K measured on MAPS
[30]. (e) Identical projection for spin excitations of BaFe,(As(7Po3)2
obtained on MAPS with E; =450 meV. The negative scattering
below ~50 meV is due to errors in background subtraction. Energy
dependence of wave vector integrated [integration range is shown
in the shaded box in the inset of (g)] dynamic susceptibility
x"(E) for (f) BaFe,As, and (g) BaFe;(Asg7Po3),. The vertical
dashed lines in (d) and (e) show the wave vector integration range
along the [0,K] direction. (h) Energy dependence of the local
dynamic spin susceptibility x”(E) for BaFe,As, (solid cyan line)
and BaFe,(Asy7Py3), below (solid red triangle and solid red line)
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[35], the crystal structures of NaFeAs and BaFe;, As, are rather
different, and it is still unclear that varying the iron-pnictogen
distance within one family of iron pnictides can indeed control
the electron correlations and spin excitation spectra.

In this paper, we present inelastic neutron scattering
studies of the temperature and energy dependence of spin
excitations in a BaFe,(Asg 7Py 3)» superconductor (7, = 30 K)
[3,6]. We chose BaFe;(Asg7Pg3), because it is the optimal
isovalently doped BaFe,As,. At the same time, it has an
average pnictogen height (hp, = 1.28 A) significantly smaller
than that of BaFe,As; due to the smaller size of the P dopants
[Figs. 1(b) and 1(c)] [4]. Since the average pnictogen height
of BaFe,(As;_,P,), decreases continuously from BaFe,As;
to BaFe;(Asp7Pp3), without modifying much the in-plane
Fe-Fe distance or changing the valence of Fe [4], we
expect weaker electron correlations and a wider spin exci-
tation bandwidth in BaFe,(Asy 7Py 3)> compared with that of
BaFe;As, [28].

Figures 1(d) and 1(e) show the energy depen-
dence of S(Q,E) of spin excitations for BaFe,As, and
BaFe;(Aso7Po3)2, respectively. While spin-wave dispersions
of BaFe,As, reach zone boundary positions (1,£1) around
200 meV [Fig. 1(d)], dispersions of spin excitations of
BaFe,(Aso7Pp3), become steeper, and reach (1,£1) at en-
ergies well above 200 meV [Fig. 1(e)]. Indeed, we find that
spin excitations in BaFe,(Asy7Po3), have a lower intensity
but a larger energy bandwidth than that of BaFe,As; [30],
as revealed in the energy dependence of the dynamic sus-
ceptibility x”(E) integrated over the dashed vertical lines
in Figs. 1(d) and 1(e) (0.6 < H < 14 and 0.6 < K < 1.4)
near the zone boundary (1,%1) [Figs. 1(f) and 1(g)]. These
results are also consistent with the energy dependence of the
local dynamic susceptibility and DFTH+DMFT calculations of
S(Q,E) [Figs. 1(h) and 2-4]. Therefore, the decreased average
pnictogen height in BaFe,(As;_,P,), decreases the electron
correlations and increases the overall spin excitation energy
bandwidths.

II. EXPERIMENTAL AND THEORETICAL RESULTS

Our neutron scattering experiments were carried out on
the MAPS and 4SEASONS chopper spectrometers at ISIS,
Rutherford Appleton Laboratory, U.K. and Japan Proton
Accelerator Research Complex, Japan, respectively. Some
measurements are also carried out on the EIGER triple-axis
spectrometer at the Paul Scherrer Institut, Switzerland. Our
BaFe;(Aso7Py3), single crystals were grown by a self-flux
method [36]. For P-doped BaFe,(As;_ P,), near x = 0.3,
the collinear static AF order in BaFe,As, is suppressed and
superconductivity reaches an optimal value at 7, = 30 K [37].
We coaligned ~17 g of single crystals in the [H,H,L] scat-
tering plane with a mosaic <7°. To facilitate easy comparison
with spin waves in BaFe,As,, which has an orthorhombic
AF ground state [30], we define the wave vector Q at

FIG. 1. (Continued) and above (open purple circles) 7, with corrected
magnetic form factor. Dashed cyan and red lines are DFT+DMFT
calculations for BaFe,As, and BaFe,(As(7Pq3),, respectively.
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(qesy,q2) in A as (H,K,L) = (qa/27,9,b/27,q.¢/27),
wherea = b ~ 5.6 Aandc = 12.87 A using the orthorhombic
magnetic unit cell notation where low-energy spin excita-
tions are expected to stem from the in-plane wave vector
positions Qar = (£1,0) and (0,£1). For chopper spectrometer
inelastic neutron scattering measurements, the incident beam
energies were E; = 35, 80, 250, and 450 meV at MAPS and
E; = 13,21, 82, and 313 meV at 4SEASONS with k; parallel
to the ¢ axis. Spin excitation intensity was normalized to
absolute units using a vanadium standard (~30% error).

Since there is no evidence that the P dopant forms long-
range order in BaFe,(As;_,Py),, we use an effective pnictide
position in the DFT+DMFT calculations to simulate the
physical consequence of P doping. In BaFe,(As(71Pp.29)2, the
As and P heights are 1.332 and 1.151 A from the Fe plane,
respectively [38]. We therefore take an effective pnicogen
height of 1.28 A in our calculation, which is the average height
of As and P in BaFe;(Asg 71 Py .29), determined experimentally.
This effective As/P height (1.28 A) is less than the As height
(1.36 A) in the BaFe,As, but substantially larger than the P
height (1.19 A) in the BaFe,P;.

In previous inelastic neutron scattering studies of low-
energy spin excitations in powder [39] and single crystals
[40] of optimally P-doped BaFe,(As;_,P,),, a neutron spin
resonance coupled to superconductivity has been identified
similar to other iron-based superconductors [41-43]. A key
conclusion of the work is that the energy of the resonance in
BaFe;(Asg63Po.34)2 is dispersive along the ¢ axis, indicating
its close connection to the three-dimensional AF spin corre-
lations [40]. In hole- and electron-doped BaFe;As,, the wave
vector evolution of the low-energy spin excitations and the
resonance can be well described by quasiparticle excitations
through doping-dependent hole and electron Fermi surfaces
[27,44]. Although substituting P for As in BaFe,(As;_,Py)>
is expected to be isovalent, angle-resolved photoemission
spectroscopy (ARPES) experiments reveal changed hole and
electron Fermi surfaces from BaFe,As, to BaFe,(Asy7Py3)»
[45]. DFT4+DMFT calculations also show that with increasing
P doping, the hole Fermi surface with a dominating d,,
orbital character shrinks whereas the hole Fermi surfaces with
dominating d,, and d,, (d near k; = m) orbital characters
expand and become more three dimensional along the k.,
direction [Figs. 2(a) and 2(b)]. However, the electron Fermi
surfaces do not change significantly. Therefore, the electron-
hole Fermi surface nesting condition becomes worse with
P doping. This is consistent with the resulting changes in
the wave vector dependence of spin excitations [Figs. 2(c)
and 2(d)], where the low-energy spin excitations become
weaker and more diffusive in the momentum space in
BaFe;(Asg7Py3),. Figures 2(e) and 2(f) show constant-Q
scans at Q = (1,0,0) and (1,0,1), respectively, below and
above T.. Consistent with previous work [40], we find that
superconductivity-induced resonance is clearly dispersive,
occurring at Eres = 12 meV at Q = (1,0,0) and E s = 9 meV
at Q = (1,0,1). Figures 2(g) and 2(h) summarize the energy
dependence of the low-energy spin excitations at 40 K
(T ~T.+10 K) and 10 K (T = T, — 20 K), respectively.
Given the dispersive nature of the resonance, neutron time-
of-fight measurements with a fixed incident energy and fixed
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FIG. 2. (a), (b) Calculated Fermi surfaces of the d,., d,, and
d,, orbitals for BFe,As, and BaFe,(As 7Py 3),, respectively. (c), (d)
The corresponding wave vector dependence of the low-energy (E =
25 meV) spin excitations. The color bars represent the vanadium-
normalized absolute spin-wave intensity in units of mbar/sr/meV /Fe.
The temperature differences of constant-wave vector scans at (e)
Q =(1,0,0) and (f) (1,0,1) below (2 K) and above (42 K) T.
obtained using the EIGER triple-axis spectrometer. The modulation
of resonance (superconductivity-induced intensity gain) with L is
consistent with previous experiments [40]. Constant-energy slices of
the spin excitations as a function of increasing energy (g) at 40 K and
(h) 10 K. (i) Temperature difference between 10 and 40 K, showing
clearly the intensity gain in the energy region of 8-11 meV.

sample rotation angle in Figs. 2(g) and 2(h) will probe a region
of the excitation energies with different L values. Figure 2(i)
is a temperature difference plot, revealing a clear neutron spin
resonance in the energy region of £ ~ 11 meV and a spin gap
below the resonance energy.
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FIG. 3. Wave vector dependence of spin waves of BaFe, As, at 7 K and spin excitations of BaFe,(As 7P 3), at 10 K for energy transfers of (a),
k) E=30x5meV [E; =80meV andq = (H,K,3)]; (b), i) E =50 £ 5meV [E; = 250 meV and q = (H,K,3)]; (c),(m) E = 95 + SmeV
[E; =250meV and q = (H,K,5)]; (d), (n) E = 157 £ 10 meV [E; = 450meV and q = (H,K,6)]; (e), (0) E = 225 + 10 meV [E; = 450 meV
and q = (H,K,9)]. In all cases, the &= meV indicates the energy integration range. The red boxes in (d), (e), (n), and (0) indicate regions that
contain nonduplicate data from fourfold symmetrizing of the raw data (meaning only the data within the red box are statistically significant,
and data in other regions of reciprocal space are mirror images of the red box data). (f)-(j) and (p)—(t) Calculations of identical energy slices

from the DFT+DMFT method [46].

Assuming that isovalent P doping in BaFe,(As;_ Py)
does not change the valence of Fe, the total moment sum
rule requires the total magnetic spectral weight My, when
integrated over all energy and momentum space [Mg = M>+
(m?) = g2S(S + 1), where M is the static ordered moment,
(m?) is the local fluctuating moment, g ~ 2 is the Landé
factor, and S is the spin], to be independent of P doping
[7]. From Figs. 2(c) and 2(d), we see a reduced low-energy
spin excitation spectral weight in BaFe;(Asg 7Py 3), compared
with BaFe;As,, as revealed by the DFT+DMFT calculation
[Figs. 1(h) and 4].

Figures 3(a)-3(e) and 3(k)-3(0o) compare the two-
dimensional constant-energy (E) images of S(Q,E) of
spin waves of BaFe,As, [30] and spin excitations of
BaFe;(Aso7Po3)2 in the (H,K) scattering plane at different
energies. Figures 3(a)-3(e) show the evolution of spin waves
of BaFe,As, at energy transfers of £ =30+5, 50+£5,

9545, 157£10, and 2254 10 meV, respectively. The
corresponding spin excitations of BaFe;(Asg 7P 3), are shown
in Figs. 3(k)-3(0). At E =30+5 [Figs. 3(a) and 3(k)]
and £ =50 =5 meV [Figs. 3(b) and 3(1)], spin excitations
in BaFe;(Asg7P3), form transversely elongated ellipses
centered at the in-plane AF zone centers (£1,0) and (0,%1) of
the undoped BaFe; As,, but with considerably lower intensity.
On increasing the energies to £ = 95 £ 5 meV [Fig. 3(m)],
spin excitations of BaFe;(As 7P 3), begin to split transversely
from (£1,0), similar to that of spin waves of BaFe;As;
[Fig. 3(c)]. On further increasing the energy to £ = 157 + 10
[Fig.3(n)]and E = 225 £ 10 meV [Fig. 3(0)], spin excitations
of BaFe;(Asg 7Py 3), form anisotropic rings centered around
(£1,%1). Figures 3(d) and 3(e) show spin waves of BaFe,;As;
at E =157£10 and E = 225 + 10 meV, respectively. We
see that spin waves of BaFe,As; at E = 225 + 10 meV nearly
form a solid spot at (£1,%1), suggesting that the system has
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FIG. 4. (a) Calculated total dynamic magnetic structure fac-
tor S(Q,E) for (a) BaFe,As, and (b) BaFe,(Asg7Po3), using
DFT+DMEFT. The solid red points in (b) are data from cuts to Fig. 3
and the solid line is the dispersion of BaFe,As, from Ref. [30]. (c),
(d) Calculated dynamic magnetic structure factors from the d,,-d,,
and d,.-d, intraorbital contributions, respectively.

already reached the zone boundary at this energy. For com-
parison, spin excitations of BaFe;(Asog7Pg3), at E =225 +
10 meV still have a ring structure near (£1,%1) [Fig. 3(0)],
as confirmed by a comparison of constant-energy cuts across
the data (see Supplemental Fig. 5 in Ref. [46]). These results
suggest a higher zone boundary energy for BaFe;(Asg7Pg3)2.

To quantitatively compare the experimental results with a
combined DFT4+DMFT theory [28], we show in Figs. 3(f)-3(j)
and 3(p)-3(t) the calculated wave vector dependence of spin
excitations of BaFe,As, and BaFe,(Asg 7P 3),, respectively, at
energies in Figs. 3(a)-3(e) [28]. We see that spin excitations at
different energies obtained from the DFT4+DMFT calculation
in Figs. 3(p)-3(t) have many similarities with the experimental
data [Figs. 3(k)-3(0)].

Figures 4(a) and 4(b) show the calculated dynami-
cal magnetic structure factor S(Q,E) for BaFe,As, and
BaFe;(Aso.7Po.3)2, respectively. Our calculation reveals a con-
siderable magnetic spectral weight for energies above 300 meV
for both samples, contrasting to the vanishing local dynamic
susceptibility for energies above 300 meV in BaFe,As,
[Fig. 1(h)] [47]. The experimentally determined spin excitation
dispersion along the [1, K] direction for BaFe,(Asy7Po3) is
well captured by the DFT4+DMFT calculations [Fig. 4(b)].
For comparison, we also plot in Fig. 4(b) the experimentally
determined dispersion along the same direction for BaFe,;As;
as a solid line [30]. To understand the different orbital
contributions to the spin excitations, we show in Figs. 4(c)
and 4(d) the d,,-d,, and d,.-d,, intraorbital contribution
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to the dynamic susceptibility. We see that low-energy spin
excitations near (1,0) are mostly contributed by excitations
involving the d,, orbital, while high-energy spin excitations
around 300 meV near (1,1) come mostly from excitations
related to the d,, orbital. This is in stark contrast with spin
excitations in the Co-doped LiFeAs compound, where the
low-energy spin excitations are dominated by contributions
from the d,, orbital [48]. In Ref. [48], it was concluded that the
dy/y, orbitals play an important role in the superconductivity
of LiFeAs since their absence in LiFe( g3Cop 12As suppresses
superconductivity. The strong low-energy spin excitations
contributed by the d, /.. orbitals in BaFe;(Asg 7P 3), shown
in Fig. 4(d) suggest that the nesting of the d,/,, orbitals is
good for high-temperature superconductivity.

Figure 1(h) compares the energy dependence of the local
dynamic spin susceptibility for BaFe,As,, BaFe;(As 7P 3)2,
and DFT+DMFT calculated values. We see that the peak for
local dynamic spin susceptibility for BaFe,(Asg7Po.3)2 occurs
around 220 meV, while it is around 180 meV for BaFe,As,.
These results are consistent with energy cuts near the zone
boundary for these materials shown in Figs. 1(f) and 1(g).
The total fluctuating magnetic moments for BaFe,(Asy 7P 3)2
and BaFe,As, are (m?) ~ 1.6+£0.2 (below ~250 meV)
and 3.6;;% per Fe, respectively [47]. This means that the
fluctuating moments of BaFe,(Asy7Pg3), are smaller than
those of BaFe,As, within our energy integration region,
consistent with the presence of more magnetic spectral weight
at higher energies or a reduced fluctuating moment. These
results thus suggest that the decreased iron-pnictogen height
iniron pnictides from BaFe, As; to BaFe;(Asg 7P 3), increases
the spin excitation bandwidth and decreases the electron
correlation effects. Since the reduced pnicogen height due to
P doping increases indirect hopping between Fe 3d orbitals
and pnicogen p orbitals, and weakens the kinetic frustration
as direct hopping between Fe 3d orbitals remains almost
the same as the Fe-Fe distance changes negligibly with P
doping, the bandwidths of the Fe 3d orbitals increase with
increasing P doping [46] and the electronic correlation effects
decrease. The increased bandwidths lead to a reduction of
the one-particle Green’s function, and thus a reduction in
the bare two-particle susceptibility. Neglecting the change
in the two-particle vertex function due to P doping, this
reduction in the bare two-particle susceptibility is responsible
for the reduced low-energy spin excitation intensity. Similarly,
the spin excitation bandwidths increase due to the reduced
pnicogen height in BaFe,(Asy7Po3)s.

The reduction of the pnicogen height in BaFe,(As7Py3)2
from BaFe;As, reduces the low-energy spin excitation in-
tensity centered at Qar and eliminates the static long-range
AF order in the undoped BaFe,As,. At the same time, the
pnicogen height in BaFe,(Asg7Py3), is still high enough
to maintain an intermediate electronic correlation strength
with sufficient low-energy spin fluctuations to mediate su-
perconductivity. For spin excitation mediated superconductors
[5], superconductivity is controlled by the effective magnetic
exchange coupling J and the strength of the electron-spin
excitation coupling [27]. Since the effective magnetic ex-
change couplings in BaFe,(Asy 7Py 3), are considerably larger
than those of the BaFe;As,, it would be interesting to com-
pare superconductivity-induced changes in spin excitations
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of BaFe,(Asy7Py3), and electron/hole-doped BaFe,As; [27].
By comparing the absolute intensity changes of the reso-
nance below and above T,, we find that spin excitations
changes across T, are still much larger than the supercon-
ducting condensation energy [46,49], thus supporting the
notion that magnetism is crucial for the superconductivity of
BaFes(As7Po3)a.

III. CONCLUSIONS

In summary, we have used inelastic neutron scatter-
ing to map out spin excitations of isovalently doped
BaFe;(Asop7Pp.3)2. By comparing spin excitations of this
material with those of BaFe,As, and DFT4+DMFT calcu-
lations, we conclude that the iron-pnictogen height in iron
pnictides directly controls the spin excitation bandwidth and
electron correlations. These results are consistent with the
idea that electron correlations in iron-based superconductors
arise primarily from the Hund’s coupling Jy, and low-energy
spin excitations are consequences of nesting between hole and
electron Fermi surfaces.
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