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We use neutron scattering to study the magnetic field effect on the static antiferromagnetic
(AF) order and low-energy spin excitations in the underdoped iron arsenide superconductor
BaFe; 9oNig.0sAsa. At zero field, superconductivity that occurs below T, = 17 K coincides with
the appearance of a neutron spin resonance and reduction in the static ordered moment. Upon
application of a ~10-T magnetic field in the FeAs-plane, the intensity of the resonance is reduced,
accompanied by decreasing T, and enhanced static AF scattering. These results are similar to those
for some copper oxide superconductors, and demonstrate that the static AF order is a competing

phase to superconductivity in BaFe; 92Nig.osAsa.

PACS numbers: 74.25.Ha, 74.70.-b, 78.70.Nx

I. INTRODUCTION

The parent compounds of iron arsenide superconduc-
tors exhibit static antiferromagnetic (AF) order with a
simple colinear spin structure as shown in Fig. 1(a) [1-3].
Since superconductivity in iron arsenides can arise from
electron or hole doping of their AF parent compounds
[4, 5], it is generally believed that magnetism plays an
important role in the superconductivity of these mate-
rials [6-10]. In one class of electron-doped iron arsenide
based superconductors, BaFe,_, (Co,Ni), Ass [11, 12], su-
perconductivity and static AF order can coexist in the
underdoped regime [13-15]. Subsequent neutron scatter-
ing experiments on these samples reveal that the occur-
rence of superconductivity is accompanied by a reduc-
tion in the static AF Bragg intensity and the appear-
ance of a neutron spin resonance in the magnetic excita-
tions spectra [16-18]. Theoretically, it has been argued
that the coexisting static AF order and superconductiv-
ity is inconsistent with the conventional BCS theory, but
compatible with electron pairing mediated by quasipar-
ticle excitations between sign reversed s-wave hole-like
pockets around the I' point and the electron-like Fermi
pockets around the M point (the so-called s* pairing
symmetry) [19-24]. In this pure itinerant picture, elec-
trons that form the ordered moment also contribute to
the superconducting condensation, and AF order and su-
perconductivity thus coexist microscopically [23, 24]. If
the static AF order in BaFe,_,(Co,Ni), Ass also has local
moment contributions [25, 26], the magnetically ordered
phase can coexist much easier with superconductivity but
the ordered moment should not be affected by supercon-
ductivity [24].

One way to test the interplay between magnetism and
superconductivity is to use magnetic field as a tuning
parameter. If the static AF order in the underdoped
BaFes_, (Co,Ni),Asy indeed coexists and competes with
superconductivity [15-18], application of a magnetic field
that suppresses superconductivity should also enhance
the static AF order, much like that of the electron-
doped copper oxide superconductors [27, 28]. On the
other hand, if the static AF order in BaFea_,(Co,Ni), Ass
is chemically phase separated from the superconducting
parts of the sample, application of a magnetic field should
reduce the AF ordered moment, as has been found in
chemically phase separated Ba;_,K,FesAs, [29]. Neu-
trons cannot directly probe the microscopic nature of the
coexisting state between static AF order and supercon-
ductivity [16-18], but neutron scattering experiments in
a magnetic field will allow a direct comparison on the
effect of a field for the superconductivity and static AF
order. In previous neutron scattering experiments on op-
timally doped iron arsenide BaFeg 9Nig 1 Ass [30] and iron
chalcogenide FeTeg 5Seg. 5 [31] superconductors, the effect
of a 10-14 Tesla magnetic field applied either along the
c-axis [30] or in the FeSe plane [31] reduces the intensity
of the neutron spin resonance without inducing static AF
order.

In this article, we report neutron scattering studies on
the static AF order and spin excitations of underdoped
BaFe1_92Ni0_08A52 [Tc =17 K, Flg l(d)] under the in-
fluence of an applied magnetic field. At zero field, pre-
vious neutron scattering experiments on similar samples
have shown that the static AF ordered moment reduces
at the onset of superconductivity, together with the ap-
pearance of a neutron spin resonance in the magnetic
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FIG. 1: (color online) (a) The antiferromagnetic spin struc-
ture of the undoped parent compound BaFe2As> and the di-
rection of applied field. (b) The reciprocal space probed in
the present experiment and the direction of applied field. (c)
Temperature dependence of the AF Bragg peak at (0.5,0.5, 3)
at zero and 10-T in-plane field. The data were taken on BT-7
and showed Ty = 44 K. The background scattering has no
temperature and field dependence. (d) Temperature depen-
dence of the Meissner and shielding signals on thin slabs of
BaFei.92Nip.osAs>. These measurements were taken in zero
field cooling (ZFC) with 5 Oe applied field along the thin
slab’s direction. (e) The field-on subtract field-off rocking
curve scan through the (0.5,0.5,3) AF Bragg peak at 6 K.
The positive scattering centered at the correct #-angle indi-
cates that the field-induced effect occurs at the (0.5,0.5,3)
AF Bragg position. (f) Identical rocking curve scans at 20 K,
clearly indicating that the applied field has no observable ef-
fect on the static AF order below T'v and above T.. (g) Black
squares indicate a high-resolution scan along the [H, H, 3] di-
rection in the AF ordered state. The red circles show the
identical scan above Ty without the cold Be filter, which give
A/2 scattering from the lattice structural Bragg peak (1,1, 6).
(h) Similar scans along the [0.5,0.5, L] direction.

excitation spectra [16-18]. We find that the static AF
order in BaFe; 95Nig.osAss is not instrumental resolution
limited, and has a spin-spin correlation length shorter
than the lattice correlation length. Upon application of
a magnetic field in the FeAs-plane, the static AF order
is enhanced below T, but is not affected in the tempera-
ture range below Ty and above T.. (T, < T < Txn). The
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FIG. 2: (color online) Temperature dependence of the imag-
inary part of the dynamic susceptibility, x" (Q,w), after sub-
tracting the background scattering and correcting for Bose
population factor. (a) Q-scans at £ = 1.5 meV along the
[0.5,0.5, L] direction above and below T.. The data show
clear L-direction sinusoidal modulation. (b) Similar scans at
an energy just below the resonance (E = 3 meV). (c) Q-scans
at the resonance energy of E = 6 meV. The intensity gain
below T, is clearly not uniform at different L-values.

enhancement of the static AF order is accompanied by a
suppression of the superconducting 7T, and the intensity
of neutron spin resonance. These results are consistent
with a competing static AF order and superconductiv-
ity, and suggest that the interplay between magnetism
and superconductivity in iron arsenide superconductors
is similar in many ways to that for copper oxide super-
conductors.

II. EXPERIMENTAL DETAILS

In recent inelastic neutron scattering experiments on
underdoped BaFe1_906000_094AS2 (TC = 15 K) [16],
BaFe1_92COO_08As2 (Tc =11 K) [17], and BaFeg_xNixASQ
[18] superconductors, the static AF order was found to
coexist with superconductivity and cooling below T.’s in
these samples induced a weak neutron spin resonance in
the magnetic excitations spectra at the expense of the
AF Bragg peak intensity. For BaFe; 92NigggAsy with
T. =17 K [Fig. 1(d)], the static AF order occurs below
Ty = 44 K as shown in Fig. 1(c). To study the ef-
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FIG. 3: (color online) Temperature dependence of x"(Q,w)
along the [H, H,0] and [H, H,1] directions. (a) Constant-
energy scans at £ = 1.5 meV along the [H, H,0] direction
across T.. A clean spin gap is seen at this energy. (b) Identical
scans along the [H, H,1] direction, which show clear magnetic
scattering centered at @ = (0.5,0.5,1) in the superconduct-
ing state. (c) Constant-energy scans at £ = 3 meV show
no change in x” below and above T. at Q@ = (0.5,0.5,0).
(d) The scattering clearly increases at @ = (0.5,0.5,1) be-
low T.. (e) Constant-energy scans at £ = 6 meV. The peak
at @ = (0.7,0.7,0) is spurious. (c) Similar scans at £ = 6
meV across @ = (0.5,0.5,1). Superconductivity clearly in-
duces more magnetic scattering at @ = (0.5,0.5,1) than at
Q = (0.5,0.5,0).

fect of an in-plane magnetic field on the static AF order
and spin excitations, we have carried out neutron scat-
tering experiments on the BT-7 thermal and SPINS cold
triple-axis spectrometers [18] and on MACS cold neu-
tron spectrometer [32] at the NIST Center for Neutron
Research. We defined the wave vector @ at (¢, gy, ¢=)
as (H,K,L) = (gya/2m,qyb/2r,q,c/2m) reciprocal lat-
tice units (rlu) using the tetragonal nuclear unit cell,
where @ = 3.89 A, b =3.89 A, and ¢ = 12.77 A. We co-
aligned about 5 grams of single crystal BaFe; ¢g2Cog.gs Asy
in the [H, H, L] horizontal scattering plane (with mo-
saicity ~3°), and put our samples inside either a lig-
uid He cryostat or a 12-T vertical field magnet. For
thermal triple-axis measurements on BT-7, we used py-
rolytic graphite (PG) as monochromator and analyzer
with typical collimations of open-40'-S-40’-120" and the
15-T superconducting magnet system. The final neutron
energy was chosen to be Ey = 13.5 meV with a PG fil-
ter before the analyzer. For cold neutron SPINS and
MACS measurements, we chose final neutron energy of
E; = 5.0 meV with cold Be filters to eliminate /2 scat-

E (meV)
0 2 4 6 8 10
100 — T T T T T 1
| MACS ' ]
50F L=0 L
FLERE:
i -
- v
0 n i W E
50 | L=04HE | i
L i“ 4
= il = 1.5K
c oL E
LRI
O
O =1 X EEm -
© | |
:/ 100 | - x
< -
L o5 | ]
ob ° K .
L=148® ¥
50 F . | -
n
- IR
0r .y ' i
L L=2 o F ‘ ]
20 | 5 §
[ g !
=[1/2, 1/2, L]
OF mm -

0 2 4 6 8 10
E (meV)

FIG. 4: (color online) Energy dependence of the dynamic
susceptibility x" (w) above and below T, for wave vectors
Q@ = (0.5,0.5,L) with L = 0,0.4,1,1.4,2. In the normal
state, " (w) increases with increasing energy at all L values.
On entering into the superconducting state, the neutron spin
resonance becomes dispersive and occurs at different energies
for different L-values as marked by vertical arrows.

tering. Figure 1(a) shows the spin structure of the par-
ent compound, and Figure 1(b) illustrates the reciprocal
space probed in the experiments.

ITI. RESULTS AND DISCUSSIONS

We first discuss our neutron scattering results on
BaFe; 92Nig.gsAsy at zero field. The solid diamonds in
Fig. 1(c) shows the temperature dependence of the mag-
netic scattering at @ = (0.5,0.5,3). Consistent with
earlier results on underdoped FeAs-based superconduc-
tors [16-18], BaFe; ¢2Nig.0sAsy orders antiferromagnet-
ically below a Néel temperature of Ty = 44 K, and
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FIG. 5: (color online) Energy and wave vector dependence
of the spin excitations as a function of an applied mag-
netic field in the FeAs-plane. (a) Constant-Q scans at @ =
(—0.5,—0.5,1) below and above T at zero and 11-T in-plane
filed. Inspection of the raw data clearly reveals the reduction
of the resonance intensity under field at 7' = 4.5 K. (b) The
field-off field-on difference plot at T' = 4.5 K shows that the
magnetic scattering near the resonance energy is mostly af-
fected by the applied field. (¢) Constant-energy scans at the
resonance energy for zero and 11-T field. The field-induced
reduction in magnetic scattering occurs at the AF wave vector
Q= (-05,-05,1).

the magnetic Bragg intensity decreases below the onset
of the superconducting T.. To test if the AF order in
BaFe; 92Nig ggAss is indeed long range and instrumental
resolution limited, we carried out high resolution mea-
surements on SPINS. First, we performed ()-scans along
the [H, H, 3] and [0.5, 0.5, L] directions in the AF ordered
state at 2 K with a cold Be filter before the analyzer
to eliminate A/2 scattering [black squares in Figs. 1(g)
and 1(h)]. We then carried out identical measurements
in the paramagnetic state (I' = 60 K) without the Be
filter before the analyzer using A/2 from the (1,1,6) nu-
clear Bragg peak as a probe of the instrumental resolu-
tion [red circles in Figs. 1(g) and 1(h)]. The outcome
clearly suggests that the AF order in BaFe; ¢2Nig ggAss
is not instrumental resolution-limited. By deconvoluting
the instrumental effect, we estimate that the static AF
spin-spin correlation lengths at 7' =2 K are £ = 210+ 15
A in the FeAs-plane and ¢ = 168 + 10 A along the ¢
axis. For comparison, we note that the static AF order
in Ba(Feo.953000.047)2A82 with TN =47 K and c = 17K
[16] is long-range and instrument resolution-limited [33].

To see if the static AF order in BaFe; ¢g2Nig ggAso can
be enhanced by application of a magnetic field, we carried
detailed temperature dependent measurements at the AF
Bragg peak position @ = (0.5,0.5,3) with and without a
10-T magnetic field applied along the [1,—1, 0] direction
[Fig. 1(c)]. While a 10-T in-plane magnetic field has no
observable effect on the Néel temperature and magnetic
scattering above 20 K, it clearly enhances the magnetic
scattering for temperatures below T. compared to that

of the zero field data. Figures 1(e) and 1(f) show the
rocking curves of the field-on field-off difference plots at
5 K and 20 K, respectively. While a 10-T magnetic field
has no influence on the static AF order at 20 K [Fig. 1(f)],
it induces additional magnetic scattering at (0.5,0.5, 3)
below T. [Fig. 1(e)].

In  previous neutron scattering work  on
BaFe,_,Ni,As, [18, 34-36], energy dispersive neu-
tron spin resonances were found in the underdoped
samples. However, it is not clear how spin excitations
evolve and respond to superconductivity at energies
below the resonance [18]. Figure 2 summarizes the
effect of superconductivity on the c-axis modulations
of the spin dynamic susceptibility x"(Q,w) at different
energies obtained on MACS. At E = 1.5 meV, x"(Q,w)
displays a clear sinusoidal modulation along the L-
direction centered at L = 1,3,--- in the normal state
at T = 25 K. Upon entering into the superconducting
state (I' = 1.5 K), the scattering at L = 0,2,4,---
vanishes indicating the presence of a spin gap while
there are still magnetic scattering at L = 1,3, ---. These
results are confirmed by constant-energy scans along the
[H,H, L] direction with L = 0,1 [Figs. 3(a) and 3(b)],
and are similar to the L-dependence of the spin gaps
for the optimally electron- [35, 36] and hole-doped [37]
FeAs-based superconductors.

At an energy just below the resonance (E = 3 meV),
x"(Q) still has a strong L-modulation in both the normal
and superconducting sates [Fig. 2(b)]. On cooling from
25K to 1.5 K, x"(Q) at @ = (0.5,0.5, 1) enhances slightly
but has no change at @ = (0.5,0.5,0). Constant energy
scans in Figs. 3(c) and 3(d) confirm these results. For
an energy transfer near the resonance (E = 6 meV), su-
perconductivity enhances x” (@) at all L-values as shown
in Fig. 2(c). Constant-energy scans in Figs. 3(e) and
3(f) also show that the magnetic intensity gain at L =0
is smaller than that at L = 1. This is consistent with
the dispersive nature of the resonance, where the mode
shifts from ~7.5 meV at L = 0,2 to ~5.8 meV at L =1
shown in Fig. 4 similar to previous work on Co-doped
BaF;.906Co0.004As2 [38].

To determine if the enhanced static AF order in Fig.
1(c) under a magnetic field is compensated by a reduction
in the intensity of the resonance and low-energy spin exci-
tations, we carried out inelastic neutron scattering mea-
surements under the influence of a magnetic field. Figure
5(a) shows constant-() scans carried out below and above
T, in zero and 11-T in-plane field at Q@ = (—0.5,—0.5,1).
At zero field, the scan at 4.5 K shows a clear resonance
peak near 6 meV. Upon application of a 11-T in-plane
field, the intensity of the mode is reduced [Fig. 5(a)].
The zero and 11-T field difference plot at 4.5 K in Figure
5(b) shows a peak centered at 6 meV. Therefore, while
a 14-T field applied along the c-axis can suppress the in-
tensity and reduce the energy of the resonance, a 11-T
field applied in the FeAs-plane only reduces the inten-
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FIG. 6: (color online) Temperature dependence of the reso-
nance and elastic scattering at zero field and 11-T in-plane
field. (a) Temperature dependence of the E = 6 meV scat-
tering in zero field at @ = (0.5,0.5,1) for BaFe;.92Nip.0sAss.
The scattering increases in intensity below T, of 17 K. (b)
Identical temperature dependence of the E = 6 meV scatter-
ing under 11-T field. The field-induced T, has now shifted to
15 K. (c) Expanded plot of the elastic magnetic scattering in
zero and 11-T field. The data confirm the shifted 7. under
field.

sity of the resonance and does not affect the energy of
the mode. Figure 5(c) shows constant-energy scans in
the superconducting state with and without the applied
magnetic field. The effect of an applied field is to sup-
press magnetic scattering centered at the AF wave vector
near the resonance energy.

Figure 6 shows the temperature dependence of the res-
onance at zero and 11-T. At zero field, the intensity of the
mode increases gradually below T, = 17 K [Fig. 6(a)].
Under the influence of a 11-T field in the FeAs-plane,
the resonance intensity starts to increase below about 15
K [Fig. 6(b)]. The reduced T, in the in-plane field for
the resonance is consistent with the reduction in the AF
Bragg intensity as shown in Fig. 6(c). These results are
also consistent with the expected T, reduction from the
transport measurements for similar 7. Co-doped mate-
rials [39]. If we assume that the resonance is a direct
probe for measuring electron pairing and superconduc-
tivity in iron arsenide superconductors, the observation
of the elastic magnetic intensity gain at the expense of
the resonance provides direct evidence that the static AF

order in underdoped BaFe; 92Nig gg Asy is competing with
superconductivity.

We now discuss the implications of our results and
compare them with that of the magnetic field effect in
copper oxide superconductors. For the single layer hole-
doped cuprate Lay_,Sr,CuQO4 near doping of = 0.125,
application of a magnetic field can enhance the static
long-range AF order [40-42]. These results were initially
interpreted as due to antiferromagnetism within the vor-
tex cores of the superconductors under the field [42], but
has since been understood as due to proximity to the
quantum critical point separating a purely superconduct-
ing phase from a superconducting/antiferromagnetism
coexisting phase [43, 44]. For the bilayer hole-doped
cuprate YBasCu3Og4,, while the initial neutron scat-
tering experiments have shown that a field can suppress
the intensity of the resonance [45], the enhanced static
order under a field has only recently been observed in
underdoped YBayCu3Og.45 [46] and is not a universal
phenomenon [47]. In the case of electron-doped cuprates,
the enhanced static AF order under a field [27] is com-
pensated by suppressing the intensity of the resonance
[28].

The observation of a field-induced enhancement of the
static AF order at the expense of the resonance in under-
doped iron arsenide superconductor BaFe; g2Nig ggAss is
similar to the field-induced effects on the static AF order
and resonance in some of the cuprate superconductors
[40-42, 44, 46], particularly the electron-doped materi-
als [27, 28]. Although our results indicate a competing
static AF order with superconductivity, it is still un-
clear whether the static AF order in BaFe; gaNig gz Aso
microscopically coexists with superconductivity as theo-
retically envisioned [23, 24]. In recent muon spin rotation
(uSR) experiments on underdoped BaFes_,Co,Asy with
coexisting static AF and superconducting phases, the lo-
cal magnetic field detected by muons does not show a
noticeable reduction below 7 [48]. Since muons are local
probes, this result suggests that the static AF moment
of the system does not decrease below T.. Therefore,
the coexisting AF and superconducting phases might
be mesoscopic, where superconductivity and AF order
are intertwined in a very short length scale and live
in separate regions. The relevant length parameter for
superconducting regions is the superconducting coher-
ence length, which is on the order of 20 A [39]. On
the other hand, the propagation of the field from the
static Fe moment to the muon site is due to dipolar in-
teraction, which is much shorter than the penetration
depth and dies away in about 20 A [49]. If the width
of the superconducting rivers is smaller than the prop-
agation range of the dipolar field, then the muons in
the river regions can still feel the static internal field
from the AF ordered background. In this scenario, ap-
plication of a magnetic field that suppresses the super-
conducting parts of the sample enhances the static AF



phase through volume fraction change (thus the reduc-
tion in the AF Bragg peak intensity) without changing
the static ordered moment (no change in local field seen
by uSR). While this picture is consistent with the obser-
vation that the static AF order in BaFe; 93Nig.ogAsy is
not resolution limited [Figs. 1(g) and 1(h)], it is incon-
sistent with the unchanged static spin-spin correlation
lengths across T, in BaFej 92Cog ogAse [17]. Further-
more, recent high-resolution soft X-ray resonant mag-
netic scattering results suggest that the static AF order
in BaFe; 906C00.094Ass is truly long-ranged [33]. Clearly,
more systematic high-resolution neutron diffraction mea-
surements are necessary to clarify the nature of the static
AF ordered phase and its coexistence with superconduc-
tivity in BaFes_,(Co,Ni), Ass.

IV. CONCLUSIONS

In summary, we have determined the effects of an in-
plane magnetic field on the static AF order and spin ex-
citations of the underdoped BaFe; 95Nig gg Ass supercon-
ductor. At zero field, the system orders antiferromag-
netically below about 44 K but the order is not truly
long-ranged and instrumental resolution-limited. The
spin excitations display sinusoidal modulation along the
c-axis and form a dispersive neutron spin resonance as-
sociated with superconductivity as reported in earlier
works [18, 34, 36]. While application of a magnetic field
in the FeAs-plane has no observable effect on static AF
order below Tn and above T,., it clearly enhances the
zero-field static AF order at the expense of the neu-
tron spin resonance. Our results provide direct evidence
that the static AF order is a competing phase to super-
conductivity. However, the present neutron scattering
data cannot conclusively determine if the static AF order
in BaFe; 92Nig.0gAss is microscopically or mesoscopically
coexisting with superconductivity.
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