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We use polarized inelastic neutron scattering to study low-energy spin excitations and their spatial anisotropy
in electron-overdoped superconducting BaFe, gsNig ;5As, (7, = 14 K). In the normal state, the imaginary part
of the dynamic susceptibility x”(Q,w) at the antiferromagnetic wave vector Q = (0.5,0.5,1) increases linearly
with energy for E < 13 meV. Upon entering the superconducting state, a spin gap opens below E ~ 3 meV and

a broad neutron spin resonance appears at £ ~ 7 meV. Our careful neutron polarization analysis reveals that
x"(Q,w) is isotropic for the in-plane and out-of-plane components in both the normal and superconducting states.
A comparison of these results with those of undoped BaFe,As, and optimally electron-doped BaFe, 9Nig As;
(T. = 20 K) suggests that the spin anisotropy observed in BaFe; ¢Nig;As; is likely due to its proximity to

the undoped BaFe,As,. Therefore, the neutron spin resonance is mostly isotropic in the optimal and electron
overdoped iron pnictides, consistent with a singlet to triplet excitation and isotropic paramagnetic scattering.
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I. INTRODUCTION

Understanding the role of spin excitations in the supercon-
ductivity of iron arsenides'™ is important for developing a
microscopic theory of superconductivity in these materials.*®
Like copper oxide superconductors, superconductivity in iron
pnictides arises when electrons or holes are doped into
their antiferromagnetically-ordered parent compounds.’ For
electron-doped BaFe,_, T, As, (T = Co, Ni),? the antiferro-
magnetic (AF) and superconducting phase diagrams as a
function of Co(Ni)-doping have been determined by neutron
scattering experiments [Fig. 1(a)].'®!! Near the optimally
electron-doped superconductor BaFe,_,Ni,As, at x = 0.1
(T, = 20 K), the static AF order is suppressed.12 However,
short-range spin excitations persist and couple directly to
superconductivity via a collective magnetic excitation termed
the neutron spin resonance.'>!” As a function of Ni doping,
the energy of the resonance is associated with both the
superconducting electronic gap A and kpT,, thus indicating
its direct connection with superconductivity.'®

Although the resonance appears to be a common feature
amongst different classes of unconventional superconductors
including high-T, copper oxides,'®* heavy fermions,*?
and iron-based materials,'>'7-26-28 much remains unknown
about its microscopic origin. Assuming that the resonance
is a spin-1 singlet-to-triplet excitation of the Cooper pairs,*’
it should be possible to split it into three peaks under the
influence of a magnetic field via the Zeeman effect by an
amount AE = +gugB, where g = 2 is the Lande factor and
B is the magnitude of the field.**33 Although there have
been attempts to split the resonance for copper oxide*® and
iron-based superconductors®'*> in this way, the results are
inconclusive, and it has not been possible to determine if
the mode is indeed a singlet-to-triplet excitation. In a very
recent neutron experiment performed on the heavy fermion
superconductor CeColns, the resonance was shown to be a

1098-0121/2012/85(21)/214516(7)

214516-1

PACS number(s): 74.70.Xa, 75.30.Gw, 78.70.Nx

doublet excitation,>? thus casting doubt on its direct connection
with superconducting Cooper pairs.**

Alternatively, one can use neutron polarization analysis to
determine the nature of the resonance and the effect of super-
conductivity on spin excitations. If the resonance is an isotropic
triplet excitation of the singlet superconducting ground state,
one expects that the degenerate triplet would be isotropic
in space as pure paramagnetic scattering. Utilizing neutron
polarization analysis, one can conclusively separate the mag-
netic signal from lattice scattering and determine the spatial
anisotropy of the magnetic excitations.®> For the optimally
hole-doped copper oxide superconductor YBa,;Cu3Og.9,'2
recent polarized neutron scattering experiments reveal that
while the resonance at £ = 41 meV is isotropic in space, mag-
netic excitations below the resonance (10 < E < 30 meV)
exhibit large anisotropy with the excitations polarized along
the ¢ axis being suppressed.’® These results suggest that the
resonance itself is consistent with a spin-1 singlet-to-triplet
excitation. In the case of iron-based superconductors, the
situation is more complicated. For optimally electron-doped
BaFe, 9Nig As,, polarized neutron scattering experiments
indicate that while the magnetic scattering is essentially
isotropic in the normal state, a large spin anisotropy develops
below T,. Excitations polarized along the c axis have a larger
magnitude than those in the plane for energies2 < E < 6 meV,
i.e., below the weakly anisotropic resonance.’’” On the other
hand, similar measurements on superconducting FeSe( sTeg s
reveal an anisotropic resonance with the in-plane component
slightly larger than the out-of-plane component.’® However,
the spin excitations are isotropic for energies below and above
the resonance.?® Finally, recent neutron polarization analysis
of spin waves in the undoped AF BaFe,As, indicate that the
magnetic single-ion anisotropy induced spin-wave gaps**4!
are strongly anisotropic, with the in-plane component of the
spin-wave gap much larger than that of the c-axis component.
Therefore, it costs more energy to rotate a spin within the
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FIG. 1. (Color online) (a) The schematic antiferromagnetic and
superconducting phase diagram of BaFe, ,Ni,As, as determined
from neutron diftraction experiments (Ref. 11). The present compo-
sition is highlighted with an arrow. The inset shows an illustration of
quasiparticle excitations from the hole Fermi pocket at the I" point
to the electron pocket at the M point as predicted by Fermi surface
nesting theories. (b) The three neutron polarization directions (x, y,
and z) oriented in the (H, H, L) plane of the reciprocal space. (c) The
relationship between magnetic components M, and M, measured by
polarized neutron scattering and in-plane (M,;9) and out-of-plane
(M) dynamic spin susceptibility. The solid arrow denotes the
measured magnetic component in a SF channel, and the dashed
arrow denotes the component measured in a NSF channel. In this
geometry, we have M, o« M 19 = M9, due to tetragonal symmetry,
and M, ~ M, given that 0 is a small value.

orthorhombic a-b plane than to rotate it perpendicular to the
FeAs layers in the AF ordered state of BaFe,As,.°

Given the current confusing experimental situation on
the anisotropy of spin excitations in undoped and optimally
electron-doped BaFe,_,Ni, As,,3”% it would be interesting
to carry out similar polarized neutron scattering measure-
ments for electron overdoped BaFe,_,Ni,As,. From the
electronic phase diagram of BaFe,_,Ni,As, in Fig. 1(a),!
we see that samples in the overdoped regime are far from
the AF and superconductivity coexistence region, and thus
avoid possible influence of the local magnetic anisotropy
present in undoped BaFe,As,.>° For our neutron experiments,
we prepared overdoped BaFe; gsNig5sAs, with 7, = 14 K
[Fig. 1(a)]. In this paper, we describe polarized neutron
scattering studies of energy and momentum dependence of
the magnetic excitations in BaFe; gsNip5As, below and
above T,. We find that the spin excitations at or near
the resonance energy are spatially isotropic. By comparing
these results with previous work on undoped BaFe,As; and
optimally doped BaFe; oNig 1 As,,>7° we conclude that the
strong in-plane single-ion anisotropy in antiferromagnetically-
ordered orthorhombic BaFe;As; extends to the paramagnetic
tetragonal BaFe; 9Nip As;y, giving rise to the large out-of-
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plane component of the low-energy spin excitations for the
superconducting BaFe; 9Nig ; As;,. Therefore, the resonance in
optimally and overdoped BaFe,_,Ni,As, (x = 0.1,0.15) is
mostly isotropic in space, consistent with the singlet-to-triplet
excitation and isotropic paramagnetic scattering.

II. EXPERIMENTAL DETAILS

We grew large single crystals of the overdoped iron arsenide
superconductor BaFe gsNig 5As, using a self-flux method.*?
BaFe, gs5Nig 15sAs, has a T, of 14 K, and is far away from the
AF phase of the undoped BaFe,As, [Fig. 1(a)]. As a func-
tion of increasing Ni-doping x, the low-temperature crystal
structure of BaFe, ,Ni,As, changes from orthorhombic to
tetragonal with a = b for x > 0.1.'1? For this experiment,
we coaligned ~15 g single crystals of BaFe; gsNig 5As;
in the (H,H,L) scattering plane (with mosaicity 3° at full
width half maximum) with a tetragonal unit cell for which
a=b=396 A, and ¢ =12.77 A. In this notation, the
vector Q in three-dimensional reciprocal space in A~! is
defined as Q = Ha* + Kb* + Lc¢*, where H, K, and L are
Miller indices and a* = 427 /a,b* = b27/b,c* = 27 /c are
reciprocal lattice vectors.

We carried out polarized inelastic neutron scattering ex-
periments at the IN20 triple-axis spectrometer at the Institut
Laue-Langevin in Grenoble, France. We used the Cryopad
capability of the IN20 spectrometer in order to ensure that
the sample was in a strictly zero magnetic field environment.
This avoids errors due to flux inclusion and field expulsion in
the superconducting phase of the sample. Polarized neutrons
were produced using a focusing Heusler monochromator
and analyzed using a focusing Heusler analyzer with a
fixed final wave vector at ky = 2.662 A~!. To facilitate
easy comparison with previous polarized neutron scattering
results,’” we define neutron polarization directions as x,y,z,
with x parallel to Q and y and z both perpendicular to Q as
shown in Fig. 1(b). Since neutron scattering is only sensitive
to those magnetic scattering components perpendicular to the
momentum transfer Q, magnetic responses within the y-z
plane (M, and M) can be measured. At a specific momentum
and energy transfer, incident neutrons can be polarized along
the x, y, and z directions, and the scattered neutrons can have
polarizations either parallel (neutron nonspin flip or NSF, 11)
or antiparallel (neutron spin flip or SF, 1)) to the incident
neutrons. Therefore, the six neutron scattering cross sections
can be written as 05" and o5F, where o = x,y,2.3>%7 If we
use M, and N to denote the magnetic response and nuclear
scattering, respectively, the neutron scattering cross sections
o ¥SF and o5F are related to M,, and N via Eq. (1):

lop 1 1 0
oySF 010
M
oSF 1 00 y
ot =lo o 1| (M M
* N
J}I,VSF 1 0 1
UZNSF 0 1 1

In a real experiment, neutron polarization is not 100% and
there are also neutron spin independent backgrounds (isotopic
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incoherent scattering and general instrumental background).
Since neutron SF and NSF scattering processes have identical
instrumental setups and only the spin directions of the incident
neutrons are changed, we assume constant backgrounds of By,
By, and B; for neutron polarizations in the x, y, and z direc-
tions, respectively. We have measured the neutron flipping
ratios R for all three neutron polarizations and found them to
be independent of neutron polarization directions within the
errors of our measurements. By considering the finite flipping
ratio and assuming that instrumental backgrounds for different
neutron polarizations are slightly different, we have

oSt — B, R R 1

oSF — B, 1 1 Iy

oSF — B, 1 |R 1 1 y

o _pg | TrRei|1 o1 k||
oSt — B, R 1 R N

UZNSF — B, I R R

where the flipping ratio R is measured by the leakage of
NSF nuclear Bragg peaks into the magnetic SF channel

= agrigg / ~ 14. The magnetic moments M, and M,
can be extracted from Eq. (2) via

SF SF __ _NSF NSF _
— oy + B, =0, —0, — B, =cM,,

SF GSF+B _ O,ZNSF_O_}C\ISF_ By = cM.,

3)

where ¢ = (R — 1)/(R+ 1), and B,,B, are constant back-
grounds. By measuring all six NSF and SF neutron scattering
cross sections, we can unambiguously determine M, and M.
In previous work,” we have assumed that the background
scattering is identical for each neutron polarization direction,
but different for the SF and NSF channels. If we use this
method to analyze the data, we would obtain higher magnetic
scattering intensity in the NSF channel compared with that
of the SF channel at all measured temperatures and energies
by a constant. At present, the microscopic origin of such
a difference is unclear. However, if we assume that the
background scattering is different for the x, y, and z spin
polarizations, we can obtain the same magnetic scattering from
both the SF and NSF data using Eqgs. (2) and (3). To estimate
the in-plane and out-of-plane components of the magnetic
scattering M0 and My, we note that M0 = Mj90 = M,
due to the tetragonal symmetry of the system. Therefore, Mo,
can be calculated using My = M| sin® 6 + Mg cos” 0. This
allows a complete determination of the temperature and energy
dependence of M9 and My, .

III. RESULTS

In previous polarized neutron scattering experiments per-
formed on optimally doped BaFe, oNig ;As,,37 the in-plane
(M110) and out-of-plane (M) magnetic fluctuations are
gapless and approximately isotropic in the normal state above
T.. Upon entering the superconducting state, the M spectra
rearrange with a spin gap below £ = 2 meV and a resonance
peak near £ = 7 meV. On the other hand, the Mo, spectra
peak near E = 4 meV and have a smaller spin gap (Fig. 3 in
Ref. 37). Figures 2(a)-2(d) show all six constant-Q scattering

cross sections (TXSI; . and Ui\’ng taken at the AF wave vector
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FIG. 2. (Color online) Constant-Q scans at Q = (0.5,0.5,1)

below and above T,. Using polarized neutrons, we can measure six
independent scattering cross sections: incoming neutrons polarized
along the x, y, or z directions, with outgoing neutrons flipped (SF) or
not ﬂipped (NSF). (a) The raw data for SF scattering at 2 K, denoted
asoSF : (b)identical scans in NSF channel, or o™F ; (¢) SF scattering

)(y’ X,y,2°

SF . at 20 K; and (d) NSF scattering JNSF at 20 K.

Q =(1/2,1/2,1) below and above T,. For SF scattering, oSF
is approximately equal to O‘ZSF at 2 K and 20 K, but both
ofF and o F are smaller than o5F [Figs. 2(a) and 2(c)]. For
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FIG. 3 (Color online) (a) Simulation of unpolarized energy scans
using o5F + oMF with @ = x,y,z at 2 K and (b) 20 K. The wave
vector is fixed at Q = (0.5,0.5,1). (c) Unpolarized energy scan
at (1/2,1/2,1) below and above T, obtained by adding all six
channels together. (d) Temperature difference plot between 2 K and
20 K reveals a neutron spin resonance at £ = 7 meV and negative
scattering below 4 meV, very similar to the earlier unpolarized
measurements on the same Ni-doping level (Ref. 16).
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the NSF scattering, the situation is similar except that o N5F

is smaller than oyNSF and UZNSF [Figs. 2(b) and 2(d)]. These
results indicate the presence of paramagnetic scattering, since
for purely nuclear scattering there would be no difference
between the scattering from different neutron polarizations
(oSF = J;F = gSF) 3

In a previous unpolarized neutron scattering experiment
performed on BaFe gsNij 5Asy, a neutron spin resonance
was observed near £ =6 meV in the superconducting
state, found by taking a temperature difference between
constant-Q scans at (0.5,0.5,1) r.l.u.'® Before determining
the possible magnetic anisotropy from neutron polarization
analysis, we note from Eq. (2) that o5F 4+ oNF = M, + M +
N +2B,, oF + 0" = M, + M.+ N +2B,, and o +
oSF = M, + M. + N + 2B, are the scattering cross sections
for an unpolarized neutron scattering experiment. Assum-
ing the background scattering has no temperature depen-
dence across T, the temperature difference data of GSF +
aSF should recover unpolarized neutron scattering results.'®
Figures 3(a) and 3(b) show the sum of the raw data o5F + o N5F
above and below T, respectively for o« = x, y, and z.
Figure 3(c) plots the sum of all six scattering cross sections
oyt . and crf}s}i at Q = (1/2,1/2,1) below and above T.. The
temperature difference in Fig. 3(d) clearly shows a resonant
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FIG. 4. (Color online) Neutron polarization analysis used to
extract the in-plane (M;;p) and out-of-plane My components of
spin excitations in BaFe; gsNig 15As, from SF and NSF data in Fig. 2.
Mo and My at 2 K are extracted from (a) SF and (b) NSF data in
Fig. 2. (d), (e) Mo and My, at 20 K. The above analysis is based on
the assumption that the background scattering for the x, y, and z spin
polarizations are different [see Egs. (2) and (3)]. (¢) The combination
of SF and NSF data at 2 K. (f) The combination of SF and NSF data
at 20 K. These data reveal isotropic paramagnetic scattering at the
probed energies and temperatures.
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feature at E =7 meV, consistent with earlier unpolarized
neutron scattering results.'®

To extract any possible anisotropy of the resonance and
normal state spin excitations, we use o5F and oF with Eq. (3)
to independently determine M, and M. Since M; is equal
to M110 and My = M110 Sil’l29 + M()O] COSZO, M110 and MOOI
can be independently calculated from either o5F or o ¥5F. One
can then calculate the imaginary part of the dynamic suscepti-
bility x"(Q,w) via x"(Q,w) = [1 — exp(~Tiw/ ks T)]1S(Q,w),
where S(Q,w) = M9 or Moo, and E = ho. Figures 4(a)—
4(f) summarize results for x{},(Q,w) and xgy,(Q,w) at the
AF wave vector Q = (0.5,0.5,1) in the superconducting and
normal states, respectively. The x{},(Q,w) and x(,(Q,)
results in Figs. 4(a) and 4(d) are obtained using O'SF , While the
similar results shown in Figs. 4(b) and 4(e) are independent
calculations using o>F. These results are identical to within
the errors of the measurements. Figures 4(c) and 4(f) show
combined SF 4 NSF results for x;,,(Q,w) and x(y,(Q,w) to
improve the statistics. In the normal state at 20 K, x{,,(Q,)
and x(;(Q,w) are identical and increase linearly with in-
creasing energy [Fig. 4(f)]. At low temperatures (T = 2 K), a
spin gap is present below E ~ 3 meV and a broad resonance
is apparent near E ~ 7 meV. x{|,(Q,w) and xy,(Q,w) are
again identical to within the errors of our measurements.
Therefore, there is no observable magnetic anisotropy of the
spin excitations of overdoped BaFe, gsNip 5As; in both the
normal and superconducting states at Q = (0.5,0.5,1).

Figures 5(a) and 5(b) show constant-energy scans at the
resonance energy along (H,H,1) for o5F and o)F. While
the SF scattering o>F shows a clear peak centered at the AF
wave vector Q = (0.5,0.5,1) [Fig. 5(a)], the NSF scattering
oNSF [Fig. 5(b)] is featureless near Q = (0.5,0.5,1). This
suggests that the resonance peak above the background in

Q scan at Q=(H H 1),E=7meV

7meV,2K X

15

10

15

Intensity (counts/min)
(3]

10

(b)

0.3 0.4 0.5 0.6 0.7
(H,H,1) (r.Lu.)

FIG. 5. (Color online) Constant-energy scans along the [H,H,1]
direction at the resonance energy of £ = 7 meV at 2 K for different
neutron polarization directions. (a) Neutron SF scattering cross
sections for the x, y, and z polarization directions. (b) NSF scattering
cross sections. A clear peak is seen at Q = (0.5,0.5,1) in the o5F
channel that is absent in the oNF channel, thus confirming the

magnetic nature of the resonance.
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FIG. 6. (Color online) Constant-energy scans along (0.5,0.5,L)
at the resonance energy of E = 7 meV. The 05" and o™F data show

no L dependence. The solid and dashed lines show the expected
magnetic scattering intensity assuming an Fe?* form factor.

Fig. 5(a) is entirely magnetic in origin. If the resonance is
purely isotropic paramagnetic scattering, one would expect
0" — By  2(02F — By) ~ 2(62" — B.) and (%" — B)) ~
(oNSF — B.). Inspection of Figs. 5(a) and 5(b) reveal that this
is indeed the case, thus confirming the isotropic nature of the
magnetic resonance.

To determine whether the spin excitations at the resonance
energy exhibit any c-axis modulation in intensity, we carried
out constant-energy scans along (0.5,0.5,L) in the super-
conducting state at £ =7 meV. As one can see in Fig. 6,
the magnetic scattering intensity decreases smoothly with
increasing L, consistent with the expected magnetic intensity
reduction due to the Fe?* form factor (solid line). There is no
evidence for an L-axis modulation of the magnetic scattering.
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FIG. 7. (Color online) Constant-Q scans at Q = (0.5,0.5,2) at
2 K. (a) The three neutron SF scattering energy scans below T,
marked as UXS.F,,Z. (b) Identical scans in the neutron NSF channel,
marked as o NS

x,9,2°
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(1/2,1/2,2) extracted spin fluctuation components
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FIG. 8. (Color online) Constant-Q scans at Q = (0.5,0.5,2) at
2 K. The in-plane (M) and out-of-plane (Myy;) magnetic response
extracted from the (a) SF data and (b) NSF data, respectively;
(c) the combination of SF and NSF data at 2 K shows no difference
between the two magnetic moment components, indicating isotropic
paramagnetic scattering.

Finally, to see whether the isotropic magnetic scattering
near the AF wave vector Q = (0.5,0.5,1) is independent
of the c-axis momentum transfer, we carried out O’SF and
oS constant-Q scans in the superconducting state at Q =
(0.5,0.5,2) (Fig. 7). Similar to the data in Fig. 2, the SF
scattering o>F is larger than U)SF and oF [Fig. 7(a)], while
the NSF scattering 0" is smaller than o 5" and o N5F. Using
this raw data shown in Fig. 7, we are able to obtain the energy
dependence of x{,(Q,w)and x,,(Q,w)atQ = (0.5,0.5,2) as
shown in Figs. 8(a) and 8(b). Consistent with the constant-Q
scans at Q = (0.5,0.5,1), we find isotropic magnetic scattering
at Q = (0.5,0.5,2). Figure 8(c) shows the energy dependence
of x{10(Q,w) and x(,, (Q,w) obtained by combining the SF and
NSF scattering data in Figs. 8(a) and 8(b). Similar to Fig. 4(c),
a spin gap is present below E = 3 meV and x{;,(Q,w) and
X001(Q,w) increase with increasing energy. Therefore, spin
excitations in overdoped BaFe; g5Nig 15As; are isotropic below
and above T, at all energies probed.

IV. DISCUSSION AND CONCLUSIONS

In previous polarized neutron scattering experiments on
optimally electron-doped BaFe; 9Nig Asy, x{o(Q.®) and
X001(Q,w) at Q = (0.5,0.5,1) were found to have peaks near
E = 7 and 4 meV, respectively, in the superconducting state.’’
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In a recent polarized neutron scattering work on the AF parent
compound BaFe,As;, it was found that in-plane polarized
magnons exhibit a larger single ion anisotropy gap than the
out-of-plane polarized ones.*® This means that x|;,(Q,®) has
a larger gap than x, (Q,w) at Q =(0.5,0.5,1) in the AF
ordered state, where the Fe moments are locked to the a axis
of the orthorhombic structure*—* (along the [110] direction
in our tetragonal notation).

From the electronic phase diagram of BaFe,_,Ni,As; in
Fig. 1(a), we see that although the optimally electron-doped
BaFe| 9NipAs, has a tetragonal structure with no static
AF order,'? it is very close to that region of the phase
diagram where incommensurate static AF order coexists
with superconductivity.!! This suggests that the observed
anisotropy between the in-plane [ x{,,(Q, )] and out-of-plane
[X001(Q,w)] dynamic susceptibility in tetragonal supercon-
ducting BaFe; oNig ; As,?’ may have the same microscopic
origin as the spin wave anisotropy gaps in the AF orthorhombic
BaFe,As,.* If this is indeed the case, the resonance is only
weakly anisotropic near optimal superconductivity, and be-
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comes isotropic in the electron overdoped BaFe; gsNig j5As;.
Therefore, these results suggest that the resonance in elec-
tron overdoped BaFe, ,Ni,As, is mostly consistent with
the singlet-triplet excitations of electron Cooper pairs and
isotropic paramagnetic scattering. The observed spin excita-
tion anisotropy in optimally doped BaFe,_,Ni,As; is likely
due to single ion (Fe) anisotropy of spin waves in the parent
compound, and suggests that such anisotropy is present even
for samples with tetragonal structure. Thus, the anisotropy
between the in-plane and out-of-plane dynamic susceptibility
present in the undoped BaFe,As, extends for the electron-
doped BaFe,_,Ni,As, up to optimal superconductivity, and
becomes less important for the overdoped regime.
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