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High-temperature superconductivity in iron pnictides occurs when electrons are doped into their antiferro-
magnetic (AF) parent compounds. In addition to inducing superconductivity, electron doping also changes the
static commensurate AF order in the undoped parent compounds into short-range incommensurate AF order
near optimal superconductivity. Here we use neutron scattering to demonstrate that the incommensurate AF
order in BaFe,_,Ni,As, is not a spin-density wave arising from the itinerant electrons in nested Fermi surfaces,
but is consistent with a cluster spin glass in the matrix of the superconducting phase. Therefore, optimal
superconductivity in iron pnictides coexists and competes with a mesoscopically separated cluster spin glass
phase, much different from the homogeneous coexisting AF and superconducting phases in the underdoped

regime.

DOI: 10.1103/PhysRevB.90.024509

I. INTRODUCTION

A complete determination of the structural and magnetic
phases in solids forms the basis for a comprehensive un-
derstanding of their electronic properties [1—4]. For iron
pnictides such as BaFe,As,, where superconductivity can be
induced by electron doping via Co or Ni substitution, extensive
transport [5,6] and neutron-diffraction work [7-10] have estab-
lished the overall structural and magnetic phase diagrams for
BaFe,_,Co,As; [11,12] and BaFe,_,Ni,As, [13,14]. In the
undoped state, BaFe,As, forms a collinear antiferromagnetic
(AF) order with moment along the a,-axis direction of the
orthorhombic structure [see left inset in Fig. 1(a)] [4]. Upon
electron doping to induce superconductivity, the static ordered
moment and the Néel temperature (7)) of the system decrease
gradually with increasing x [7]. While the static AF order
is commensurate with the underlying lattice and coexists with
superconductivity in the underdoped regime [8—10], it abruptly
changes into transversely incommensurate short-range order
for x near optimal superconductivity [12—14]. This has been
hailed as direct evidence that the static AF order in iron
pnictides arises from the formation of a spin-density wave
driven by itinerant electrons and Fermi-surface nesting of the
electron and hole pockets [12,15], much like the spin-density-
wave state of the chromium alloys [16].

If the incommensurate AF order in iron pnictides near
optimal superconductivity indeed arises from the itinerant
electrons and nested Fermi surfaces, one would expect
that its incommensurability § near the AF ordering wave
vector, or Q = (1,446,3) in the right inset of Fig. 1(a), will
increase smoothly with increasing electron doping due to
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the gradually mismatched electron and hole Fermi surfaces
[Figs. 1(b)-1(e)]. Systematic neutron-diffraction experiments
on BaFe,_,Co,As, [11,12] and BaFe,_,Ni, As, [13,14] in-
stead reveal a first-order-like commensurate to incommensu-
rate transition with increasing electron doping and a dramatic
reduction in ordered moment in the incommensurate phase.
Furthermore, recent nuclear magnetic resonance (NMR) data
on BaFe;_,Co,As; near optimal superconductivity indicate
the presence of inhomogeneous frozen AF domains (termed
cluster spin glass) in the matrix of the superconducting
phase [17]. If the short-range incommensurate AF order in
electron-doped iron pnictides [12,13] is indeed the cluster spin
glass phase, it cannot originate from the itinerant electrons
in nested Fermi surfaces, but may be a consequence of the
disordered localized moments [18,19]. Given the ongoing
debate concerning the itinerant [15] or localized [20—22] nature
of the antiferromagnetism in iron pnictides [23], it is important
to determine the microscopic origin of the incommensurate AF
order and its connection with superconductivity [24,25].

For a prototypical spin glass such as the Cu;_,Mn, alloy,
the ordering temperature of the elastic magnetic scattering
decreases systematically with increasing instrumental energy
resolution used to separate the true elastic component from the
inelastic/quasielastic scattering [26]. The magnetic order pa-
rameter is then the “Edwards-Anderson” order parameter [18]
measured with the spin-relaxation time v ~ h/AE (AE is
the neutron spectrometer energy resolution) below which
the spins freeze [26]. By using neutron spectrometers with
vastly different energy resolutions (1 eV < AE < 1.5meV),
we find that the onset of quasi-static incommensurate AF
order in electron-doped BaFe; 9osNig 992 As, [13,14] decreases
from Ty = 36 £ 3 K measured with AE ~ 1 meV to Ty =
30£2 K for AE =1 peV. Furthermore, our polarized
neutron-diffraction measurements indicate that the ordered
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FIG. 1. (Color online) (a) Electronic phase diagram of
BaFe,_,Ni,As; in the underdoped regime. The structural (7;) and
magnetic phase transitions (7y) are taken from Ref. [14]. Filled blue
diamonds indicate the measured 7y from Mossbauer measurements
of the same samples [41]. The filled green diamond marks the Ty
from neutron resonance spin echo (NRSE) measurements. The left
panel of the inset shows the spin arrangement of iron in the AF
ordered state. M,, M,, and M. are the components of the ordered
magnetic moment along the a,, b,, and c, respectively. The right
panel shows the incommensurate AF peaks in reciprocal space.
The scale of the incommensurability is multiplied by a factor of 2
for clarity. (b) Schematic diagram for Fermi surfaces and possible
nesting wave vectors for the x = 0.0875 sample. The Fermi surfaces
at L = 0 and 1 are marked as blue and red, respectively. The arrows
indicate nesting wave vectors connecting the L = 0 and 1 planes.
(c) Wave vector dependence of the calculated RPA susceptibility
at 20 K for the x =0.096 sample showing transverse
incommensurability. (d) Three-dimensional Fermi surfaces of
the system in reciprocal space. (e) The electron-doping evolution
of the incommensurability from neutron-diffraction experiments
(blue squares) [13,14] and RPA calculation (red circles). While the
actual electron-doping levels are used in the RPA calculation, x in
the figure represents the nominal doping level for easy comparison
with experiments. The colored region indicates mixed phases where
commensurate and incommensurate AF orders coexist.
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moment direction of the incommensurate AF phase is along the
longitudinal direction, with no measurable component along
the transverse direction. By considering several possibilities
for the incommensurate AF order, we conclude that it is a
cluster spin glass (or, more precisely, moment amplitude spin
glass) in the matrix of the superconducting phase, coexisting
and competing with superconductivity [17].

II. THEORETICAL CALCULATION
AND EXPERIMENTAL RESULTS

We carried out neutron-scattering experiments on
BaFe,_,Ni,As; using SPINS, IN22, and TRISP triple-axis
spectrometers at the NIST Center for Neutron Research,
Institut Laue-Langevin, and MLZ, respectively. Our samples
are grown by the self-flux method [27]. From the inductively
coupled plasma (ICP) analysis of the as-grown single crystals,
we find that the actual Ni level is 80% of the nominal
level x [27]. To allow direct comparison with our earlier
measurements, we denote Ni-doping levels as the nominal
level. For SPINS measurements, we used the two-axis mode
with incident beam energy of E; =5 meV and triple-axis
mode with outgoing neutron energy of E; = 2.5 meV. For
the two-axis measurements, there is no analyzer in the
exit neutron beam, and neutron energies less than 5 meV
can, in principle, be detected, yielding 0 < AE < 5 meV.
For the triple-axis measurements, we have AE ~ 0.1 meV.
For the TRISP measurements, we used E; = 14.68 meV
and a 60-mm-thick pyrolytic graphite filter to remove A/2
neutrons. The instrument energy resolutions are AE ~ 1 meV
in the triple-axis mode and AE =~ 1 ueV in the neutron
resonance spin echo (NRSE) mode [28,29]. Finally, a IN22
triple-axis spectrometer in the polarized neutron-scattering
mode was used to determine the moment direction of the
incommensurate AF order with instrument setup described
in Ref. [30]. We define the wave vector Q at (g, ¢y, g:)
as (H,K,L) = (qxa,/2m,q,b,/2m,q.c/2m) reciprocal lattice
units (rlu) using the orthorhombic unit cell suitable for the AF
ordered iron pnictide, where a, ~ b, ~ 5.6 Aandc = 12.9A.
In the undoped state, the commensurate AF order occurs at
Qar = (1,0, L) with the ordered moment along the a,, direction
of the orthorhombic unit cell [left inset in Fig. 1(a)] and
L =1,3,... [4]. For the experiments, we have used single
crystals of BaFe,_,Ni,As, with x = 0.092,0.096, where the
incommensurate AF order was found along the transverse
direction at Q = (1,%£4,3) [Fig. 1(a)] [13].

Figure 1(a) shows the electronic phase diagram of
BaFe,_,Ni,As, as a function of the nominal Ni-doping
level x, where the commensurate to incommensurate AF
phase transition occurs around x = 0.085 in the first-order
fashion [13,14]. We first consider if the observed incom-
mensurate AF order can be understood within the itinerant
electron Fermi-surface nesting picture [12]. Using a random-
phase approximation (RPA) approach [31,32], we calculate
the magnetic susceptibility from a tight-binding five-orbital
Hubbard-Hund Hamiltonian fitted to the density function
theory (DFT) band structure for BaFe,As, with a rigid band
shift applied to account for electron doping [33]. For the
calculation, we used actual Ni doping level determined from
the ICP measurements and assumed all the additional Ni
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electrons are doped in to the Fe-As planes [27]. This allows
us to directly compare the calculated Fermi-surface nesting
wave vectors with the neutron-scattering experiments. The
interaction matrix in orbital space contains on-site matrix
elements for the intra- and interorbital Coulomb repulsions
U and U’, and for the Hunds-rule coupling and pair-hopping
terms J and J’. From the earlier work [32], we know that the
RPA calculated Ni-doping evolution of the low-energy spin ex-
citations is in qualitative agreement with the neutron-scattering
experiments. To calculate the electron-doping evolution of the
incommensurate AF order, we have used the spin rotationally
invariant interaction parameters U = 0.8, U' =U/2, J =
U/4, and J' = U /4 well below the RPA instability threshold.
Figure 1(b) shows the Fermi surfaces of BaFe,_,Ni,As, at
x = 0.0875 and the arrows indicate the nesting wave vectors
between the hole pockets at M point and electron pockets.
The corresponding incommensurability § = 0.15 is an average
value between § =0.12 at L =0 and § =0.17 at L = 1.
Figure 1(c) gives the incommensurability of the x = 0.096
sample at L = 1. Figure 1(d) shows the full three-dimensional
Fermi surfaces used in the calculation. While the calculated
evolution of the Fermi surfaces with increasing electron
doping is qualitatively consistent with those determined from
angle-resolved photoemission experiments [34], comparing
the electron-doping dependence of § from the RPA and
experiments [Fig. 1(e)] reveals that the RPA values of §
are about five times larger than the measured values and
do not exhibit the commensurate to incommensurate AF
order transition near x = 0.085 [13]. Although our calculation
does not include the electron-lattice coupling effect on the
incommensurate AF order, we do not expect that including
such an effect will induce first-order-like commensurate to
incommensurate AF transition as a function of increasing Ni
doping. Therefore, the incommensurate AF order may not
originate from a spin-density wave in nested Fermi surfaces.
To test if the incommensurate AF order arises from a cluster
spin glass, as suggested from the NMR experiments [17],
we carried out neutron-diffraction measurements using SPINS
with two-axis and triple-axis modes [35]. Figure 2(a) shows
longitudinal scans along the [H,0,3] direction at different
temperatures for the x = 0.092 sample using the two-axis
mode and 60 K scattering data as background. Figure 2(b)
shows similar scans using the triple-axis mode with AE =
0.1 meV. The temperature dependence of the magnetic
order parameters is shown in Fig. 2(c). Since the scattering
gradually increases with decreasing temperature, it is difficult
to precisely determine the Ty of the system. Nevertheless, we
can find its relative changes by using the same criteria for
Ty in both measurements. From a simple extrapolation of the
low- and high-temperature AF order parameters in Fig. 2(c),
we see a clear reduction in the apparent 7y on changing
from the two-axis to triple-axis mode. In principle, such a
reduction in Ty may result from the temperature differences
in the measured critical scattering regimes using different
instrumental resolutions, as the critical scattering temperature
regime depends sensitively on the spatial and order parameter
dimensionality and is generally large in quasi-two-dimensional
magnets [36]. However, the spin-spin correlation length should
still diverge below Ty [36]. Figure 2(d) shows the temperature
dependence of the spin-spin correlation length, obtained by
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FIG. 2. (Color online) Temperature and wave vector dependence
of the incommensurate AF ordering obtained on SPINS using two-
axis and triple-axis modes for the x = 0.092 sample. (a) Temperature
dependence of the longitudinal scans along the [H,0,3] direction
using the 7 = 60 K data as background scattering. (b) Identical scans
using the triple-axis mode with AE = 0.1 meV. The solid lines are
Gaussian fits to the data. (c) Comparison of the AF order parameters
between the two-axis and triple-axis measurements. The Ty and T,
are marked by the arrow and intersects of the solid lines, respectively.
(d) The temperature evolution of the spin-spin correlation length from
the two-axis measurements with 7y marked by the arrow. The blue
dashed line is a guide to the eye. The vertical error bars indicate the
statistical errors of one standard deviation in Figs. 2—4.

Fourier transform of the scattering profiles in Fig. 2(a).
Consistent with the earlier work [13], we find that the spin-spin
correlation length does not diverge and only reaches to ~50 A
in the low-temperature AF ordered state. These results suggest
that the change in the apparent 7y cannot be due to the effect
of critical scattering.

Figure 3 summarizes similar measurements on the x =
0.092 sample using TRISP, which can operate as a normal
thermal triple-axis spectrometer with AE ~ 1 meV and a
NRSE triple-axis spectrometer with AE ~ 1 peV [28,29].
Figure 3(a) compares the instrumental resolution using the
normal and NRSE triple-axis modes. If the AF order is
instrumentation resolution limited in the NRSE measurements,
we would expect to find the width of the quasielastic
scattering I to be ~1 ueV. From the temperature dependence
of I', we see considerable broadening of the quasielastic
scattering above 30 K [Fig. 3(b)]. This is consistent with
temperature dependence of the magnetic order parameters
obtained using the NRSE (red diamonds) modes [Fig. 3(c)].
However, identical measurement using a normal triple axis
(blue squares) gives a much higher Ty [Fig. 3(c)]. The large
variations in the measured Ty, changing from Ty = 36 =3 K
at AE~1meVtoTy =304+2Kat AE =~ 1 ueV, means
that the spins of the system freeze below 30 K on a time scale
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FIG. 3. (Color online) Measurements on the x = 0.092 sample
using the TRISP triple-axis spectrometer. (a) Temperature difference
energy scans measured with the normal triple-axis spectrometer
mode at Q = (1,0,3). They are instrumental resolution limited at
T =4, and 19 K using the T =57 K data as background. The
red line indicates the effective energy resolution of the NRSE
measurement at AE ~ 1 ueV. (b) Evolution of the energy width
with increasing temperature at Q = (1,0,3). T is the half width at
half maximum (HWHM) of scattering function and zero indicates
instrumental resolution limited. (c) The magnetic order parameters
from the normal triple-axis (blue squares) and NRSE (red diamonds)
measurements. The reduction in intensity below ~19 K is due
to superconductivity [13]. The Ty from the normal triple axis is
estimated by the intersect of two straight lines (green dashed line
and black solid line) from the linear extrapolation of the low- and
high-temperature data. From NRSE data, one can determine the
energy width and integrated intensity of the scattering function
S(Q, E). The magnetic order parameter with AE = 1 ueV is shown
in Fig. 3(c), with Ty marked as a vertical dashed line. The red dashed
curves are guides to the eye.

of T ~ h/AE ~ 6.6 x 107'% s, similar to the dynamics of a
typical spin glass [37].

Another way to establish the origin of the incommensurate
AF phase is to determine its ordered moment direction. In
an ideal incommensurate spin-density wave, there should be
either ordered moment or moment modulations along the
incommensurate AF ordering or the b,-axis direction [16].
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FIG. 4. (Color online) (a) Scattering plane (light pink area) in
reciprocal space, A3 scan trajectory (blue dashed line), and the
neutron polarization directions (x,y,z) with respective to the wave
vector Q. (b) The relationship between the neutron polarization
directions and magnetic moments along the a,- (M,), b,- (M,), and
c-axis (M) directions [30]. M., M, and M, are magnetic components
along the neutron polarization x, y, and z directions, respectively.
(c) Spin-flip scattering cross sections oS, oSF, and o in
the A3 (rocking curve) scans across Q =(1,0,3) at T =2 K.
(d)cM, ~ M(1,0,1/3) (solid red line) and cM,, ~ M, (open circles).
The blue solid line shows the instrument resolution obtained using
A/2. (e) Schematic of the cluster spin glass in the matrix of the
superconducting phase. (f) A model of the moment modulating
spin-density wave which can give the incommensurate AF order.

To see if this is indeed the case, we used neutron polarization
analysis to determine the ordered moment direction in the
x = 0.096 sample on IN22 [30], which has essentially the
same incommensurate AF order as that of the x = 0.092
compound. For this experiment, the sample is aligned in the
[H,0,3H] and [0,K,0] scattering plane. The incident and
outgoing neutron beams are polarized along the [H,0,3H] (x),
[0,K,0] (), and [—1.3H,0,2.3H] (z, perpendicular to x and

y in the absolute position of A_l) directions [Fig. 4(a)] [30].

. . . . . SF
Using neutron spin-flip (SF) scattering cross sections o,)",
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where o = x,y,z, we can extract the magnetic moments
M, and M, via cM, = 05" — o5 and cM, = o5F — 0",
Where c=(R— 1)/(R + 1) and R (=15) is the flipping
ratio [30]. Since the magnetic moment M, is equal to M, and
M, = M, sin’> @ + M, cos® 6 [Fig. 4(b)], we can conclusively
determine M, by measuring 03" and 0. Figure 4(c) shows
rocking curve scans through Qar = (1,0,3) for 05F . The
estimated M, ~ cM, and M, ~ c(M, sin? @ + M, cos? 9) are
plotted in Fig. 4(d). To within the errors of our measurements,
we find M, = 0, meaning no measurable moments along the
b,-axis direction. Since our data are collected by rotating the
crystals at fixed |Qar|, we are effectively measuring the mosaic
distribution of the longitudinally ordered AF phase [Fig. 4(e)].

III. DISCUSSION AND CONCLUSIONS

To understand the microscopic origin of the incommensu-
rate AF phase, we consider two possibilities, as sketched in
Figs. 4(e) and 4(f). If the ordered moments of the incommen-
surate phase are aligned along the longitudinal (a,-axis) direc-
tion, the observed incommensurate scattering may be the mo-
saic distribution of the commensurate AF phase in the matrix
of the superconducting phase, as shown in the green patches of
Fig. 4(e). However, a mosaic distribution of the commensurate
AF phase should result in a broad peak centered at the AF wave
vector, in contrast to the observed transverse incommensurate
AF order. Furthermore, such a model cannot explain the mag-
nitude or the doping dependence of the incommensurability.
It also does not account for the expected orthorhombic lattice
distortion in the incommensurate AF phase. Therefore, this
model is unlikely to be a correct description of the observed
incommensurate phase. Alternatively, if the incommensurate
AF order arises from the moment amplitude modulation along
the b, axis [Fig. 4(f)], an incommensurability of § = 0.03
would require a spin-spin correlation length of ~15 unit cells
or ~80 A, only slightly larger than the observed ~50 A
correlation length. In principle, an a,-axis aligned moment
of the incommensurate AF order cannot exist in the tetragonal
unit cell and must break the C, rotational symmetry of the un-
derlying tetragonal crystalline lattice [left insetin Fig. 1(a)] [4].
When incommensurate AF order is initially established below
Ty, one can observe clear orthorhombic lattice distortion in X-
ray diffraction experiments [14]. When superconductivity sets
in below T,, the orthorhombic lattice distortion and intensity
of incommensurate AF peaks are gradually suppressed with
decreasing temperature [11-14]. This is consistent with the
picture that incommensurate AF order is intimately associated
with the orthorhombic lattice distortion. Assuming optimal
superconductivity in BaFe,_,Ni,As, prefers a true tetragonal
structure, this means that the incommensurate AF phase must
be located in the orthorhombic lattice distorted patches in
the matrix of the paramagnetic tetragonal phase below Ty
[red region in Fig. 4(e)]. Since the lattice distortion from
the tetragonal to orthorhombic phase must be gradual, one
can imagine a scenario where the incommensurate AF order
arises from the moment amplitude modulation along the b,
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axis coupled with the tetragonal to orthorhombic structural
transition [red patch in Figs. 4(e) and 4(f)]. Below T, the
volume fraction of the superconducting tetragonal phase
grows with decreasing temperature at the expense of the
incommensurate AF orthorhombic phase. Although we cannot
conclusively determine whether this picture is correct, it is
consistent with a cluster spin glass (or amplitude spin glass)
and much different from a spin-density wave in nested Fermi
surfaces.

The identification that the short-range incommensurate
AF phase, a general feature in electron-doped iron pnic-
tides [12,13], is a cluster spin glass challenges the notion
that the static AF order in iron pnictides arises from the
itinerant electrons in nested Fermi surfaces. Furthermore, since
incommensurate AF order competes directly with supercon-
ductivity [12,13], one can envision a situation where the cluster
spin glass coexists and competes mesoscopically with super-
conductivity near optimal electron doping. While these results
are consistent with uSR measurements on BaFe;_ ,Ni,As;
indicating that the disappearance of static magnetism with
increasing x is driven mainly by the loss of the volume
fraction of the magnetically ordered region near optimal
superconductivity [38], they are different from the underdoped
regime where antiferromagnetism and superconductivity co-
exist homogeneously and compete for the same itinerant
electrons [8—-10,39,40]. These results are also consistent with
STFe Mossbauer spectroscopy measurements on the same
Ni-doped BaFe,_,Ni,As; [38,41]. With increasing electron
doping, the long-range commensurate AF order transforms
into a cluster spin glass via the first-order fashion. Upon further
doping, the cluster spin glass is replaced by a homogeneous
superconducting phase with tetragonal structure. The behavior
of the incommensurate AF ordered phase in BaFe,_,Ni, As;
is remarkably similar to those of the hole underdoped copper-
oxide superconductors such as Lajg4SrgosCuQOy [42] and
YBayCusOgyy [43], where the spin freezing temperature
depends sensitively on the energy resolution of the probes.
Very recently, incommensurate charge ordering in underdoped
copper oxides was also found to compete with superconduc-
tivity [44,45]. These results, together with the present finding
of a cluster spin glass phase in iron pnictides, suggest that the
spin and charge ordering competing with superconductivity
may be a general phenomenon in the phase diagram of doped
high-transition-temperature superconductors.
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