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Local magnetic inhomogeneities in Ba(Fe,_,Ni,),As, as seen via "As NMR
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We report 5As NMR measurements in BaFe,As, doped with Ni. Like Co, Ni doping suppresses the
antiferromagnetic and structural phase transitions and gives rise to superconductivity for sufficiently large Ni

doping. The spin-lattice relaxation rate diverges at 7, with a critical exponent consistent with three-
dimensional ordering of local moments. In the ordered state the spectra quickly broaden inhomogeneously with
doping. We extract the average size of the ordered moment as a function of doping and show that a model in
which the order remains commensurate but with local amplitude variations in the vicinity of the dopant fully

explains our observations.
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The recent discovery of the iron arsenide superconductors
has reignited interest in the interplay of superconductivity
and magnetism in condensed matter."? There are several iron
arsenide families that exhibit superconductivity either under
pressure or with chemical doping.> Each family, however,
contains a common structural element consisting of FeAs
planes, in which the Fe 3d orbitals hybridize with the As p
orbitals, giving rise to multiple bands that cross the Fermi
energy.* In the parent state (either undoped or at ambient
pressure) the nesting of two of these Fermi surfaces gives
rise to a spin-density wave (SDW) instability.® It is believed
that doping (both in-plane and out-of plane) and/or pressure
tunes the chemical potential and modifies the nesting condi-
tion, which consequently suppresses the long-range antifer-
romagnetic order. For sufficiently large electron or hole dop-
ing superconductivity emerges.” The nature of the magnetic
and electronic structure and excitations as a function of dop-
ing are of particular interest. Recent experiments have found
evidence for incommensurate ordering and nanoscale elec-
tronic order upon doping both of which are characteristic
features of the high-temperature cuprate superconductors.®
On the other hand, direct neutron-scattering experiments
have failed to confirm incommensurate order.'! It is crucial
to determine which of these features are indeed universal to
the iron arsenides.

In order to shed light on the influence of dopants on the
antiferromagnetic order, we have conducted As nuclear
magnetic resonance (NMR) studies in a series of Ni doped
Ba(Fe,_,Ni,),As, crystals. The advantage of this particular
system is that large high quality single crystals are available
and Ni has the greatest effect of any transition-metal dopants
so that superconductivity is reached at only ~2%."1?> We
find that the As NMR spectrum in the antiferromagnetic
phase broadens inhomogeneously very quickly with doping,
reflecting a large distribution of local hyperfine fields. This
distribution can be understood by realizing that the local
spin-polarization surrounding the dopant site is not only re-
duced on-site (at the Ni) but also extends to several of the
surrounding Fe sites. In the paramagnetic state, we find that
the nuclear spin-lattice-relaxation rate reflects a continuous
evolution of three-dimensional (3D) critical spin fluctuations
associated with the phase transition at Tn(x).
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Single crystals of Ba(Fe,_,Ni,),As, were grown by the
self-flux method as described in Refs. 7 and 12. The Ni con-
centrations were determined via microprobe analysis.”!?
NMR spectra were obtained by integrating the spin echo as a
function of applied external field oriented along the crystal ¢
direction at constant frequency f=48.28 MHz. There is a
single As site per unit-cell located symmetrically between
four nearest-neighbor Fe atoms with staggered displacements
along the ¢ axis (see inset of Fig. 1). "°As has spin I=3/2
and the resonant condition is given by the nuclear-spin
Hamiltonian: H=yhl Hy+ %[36—?2— n(if—f%)] +Hpg,
where y=0.7292 kHz/G is the gyromagnetic ratio, H, is the
external applied field, ia are the nuclear-spin operators, v, is
the component of the electric field-gradient (EFG) tensor
along the ¢ direction, 7 is the asymmetry parameter of the
EFG tensor, and Hy, is the hyperfine interaction between the
As nuclear spins and the Fe electron spins. The hyperfine
coupling is given by

Hye=yil- 2 B;-S(r), (1)

ienn

where the sum is over the four nearest-neighbor Fe spins
S(r;) and the components of the hyperfine tensor B are
given by: B,,=B,,=6.6 kOe/up, B..=4.7 kOe/pp, and
B,.=4.3 kOe/ ug as determined in the parent compound by
Kitagawa et al."

Figure 1 shows field-swept spectra for the As for several
different dopings as a function of temperature. For suffi-
ciently high temperatures in the paramagnetic phase
Ba(Fe,_,Ni,),As, has tetragonal symmetry (space group
I4/mmm) and hence the EFG at the As site has axial sym-
metry with 7=0. The spectra consist of three resonances at
fields Hy=(f-nv,)/vy, where n=-1, 0, or 1, and
v,.~2.5 MHz.'"* v, is strongly temperature dependent'® but
surprisingly we find little or no change in the average value
of v,. with doping.'> We observe no electronic-phase sepa-
ration but rather an increasing quadrupolar linewidth, reflect-
ing an distribution of local EFGs as expected in the presence
of dopants.'”

Below a temperature T(x) the system undergoes a struc-
tural distortion to an orthorhombic phase (space group
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FIG. 1. (Color online) Field-swept spectra of the 5As in Ba(Fe;_,Ni,),As, at constant frequency of 48.28 MHz for various dopings and
temperatures. The data for x=2.6% at 20 K has been shifted down by 10 K for comparison with other dopings. Gray dashed (dotted) lines
indicate T, (Ty). The solid black lines are simulations as described in the text for a=0.6 and A=2.5a, and the dotted black lines are
simulations based on an incommensurate SDW. Inset: the hyperfine fields (blue arrows) at the As surrounding a Ni impurity. Black arrows

at the Fe sites indicate the direction of the ordered Fe moments.

Fmmm). In the parent compound 7,(0)=134 K coincides
with Ty and the sudden appearance of antiferromagnetic or-
der. Upon doping this first-order phase transition quickly be-
comes second order and the two transition temperatures
T,(x) > Ty(x) separate.”'? These transitions are reflected in
the NMR spectra by a change in the EFG at T\(x) (Ref. 16)
as well as the onset of static internal hyperfine fields below
Ty(x) that shift the spectra both to higher and lower reso-
nance fields (Fig. 1). In the presence of the internal field H;,,
the resonance condition becomes f=y|H,+H;,|+nv,. Since
H,,, is either parallel or antiparallel to Hy, (II¢) there are six
resonances at: Hy=(f—nv,.)/y= Hy,, as seen in Fig. 1 for
undoped BaFe,As, below Ty. We find H;,;=14.95 kOe, in
agreement with previous work.!3 This observation is consis-
tent with the hyperfine coupling [Eq. (1)] for magnetic order-
ing given by Q=(7,0,0) with moments S,=0.87u; along
the (100) direction, as observed by neutron scattering (see
inset of Fig. 1).!7 It is crucial to note that even though the
moments lie along the (100) direction, the hyperfine field lies
along (001). The reason is that the As is located symmetri-
cally between four nearest-neighbor Fe atoms so that the
components of H; in the ab plane cancel out by symmetry.

Upon doping, the internal field is reduced and the spectra
broaden dramatically in the ordered state. The spectra are
best characterized by a distribution of H,,. The average in-
ternal field (H,,) (determined by the peak of the spectra)
tracks Ty(x) as a function of doping and is shown in Fig. 2.
Indeed, H;,~ S, is proportional to the sublattice magnetiza-
tion, Sy, and is a direct probe of the antiferromagnetic order

parameter.'! The reduced internal field, Hy,(x,T)/H;,(0,T),
is shown in the inset. For comparison, recent elastic neutron-
scattering measurements on Co-doped Ba(Fe,_,Co,),As, are
shown as well.!" The similar trends in the doping and re-
duced temperature matches those of the phase diagrams of
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FIG. 2. (Color online) H;, (left axis), Ty, and T, (right axis) as
functions of doping in Ba(Fe,_,Ni,),As,. The open points are de-
termined by bulk measurements (Ref. 18) and the solid lines are
guides to the eye. Inset: the reduced moment M /M, versus reduced
temperature T/ Ty as measured by NMR in Ba(Fe;_Ni,),As, ((J)
and by elastic neutron scattering in Ba(Fe;_,Co,),As, (O) (Ref.
19).The colors correspond to the same dopings as in Fig. 1.
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these two systems.”'> For sufficiently large dopings

(x=2.6%) the width of the internal field distribution be-
comes so large that the spectral features are washed out.
Similar effects were observed in Ba(Fe;_,Co,),As, and at-
tributed to the presence of incommensurate magnetic
order.?Y Although the spectra reveal a broad distribution of
H,,., it is unclear whether there is an incoherent distribution
of local Fe spin polarizations, S(r), or an incommensurate
modulation. Both effects would give rise to a distribution of
internal fields consistent with the spectra. However, in the
strongly correlated antiferromagnetic state a local impurity
(Ni) can give rise to dramatic changes to the local spin struc-
ture even in the presence of commensurate order. Kemper
and collaborators have calculated the local spin density in the
vicinity of a dopant atom in the antiferromagnetic state of the
BaFe,As, system using density-function theory (DFT) and
find that the polarization of the neighboring Fe are strongly
modified as result of the impurity.?! Since the hyperfine in-
teraction [Eq. (1)] couples each As nucleus to four Fe sites,
small changes to the spin of any Fe site can alter the hyper-
fine field of several As nuclei. If one of the Fe spins were
slightly reduced due to its proximity to a dopant Ni (or Co)
atom, then the hyperfine field at several neighboring As sites
would acquire a component in the ab plane and the resonant
fields would be given by

[ a c
H()= \”(f_nvcc)z/’yz_ (Hin[;)z_Hint' (2)

Clearly, a distribution of either H{ or H,, could broaden the
NMR spectra significantly.

In order to quantify the effect of perturbations of the local
hyperfine field in the vicinity of a dopant atom, we have
simulated the spectra using a simple model designed to
mimic the spin density observed in DFT calculations. We
start with a two-dimensional square lattice of 100X 100 Fe
spins with impurities located randomly at positions ryy,. The
spin moments are given by S(r)=S,®,(r)cos(Q-r), where
® (r)=1-aZexp[—(r—r;)%/2\?] represents the reduction in
the local spin polarization in the vicinity of a dopant. « is a
constant that represents the suppression of spin-density mag-
nitude at an impurity site and \ is a constant that represents
the spatial extent of the suppression. This model captures the
relevant features of the DFT calculations, which indicate that
not only is the impurity site spin moment renormalized but
the magnetization over several neighboring sites in the Fe
plane is also reduced.?' Given this spin-density profile, we
calculate the hyperfine fields at each As site in the lattice
using Eq. (1) and determine the histogram of resonant fields
using Eq. (2). These histograms are shown as solid lines in
Fig. 1 for @=0.6 and N=2.5a. Also shown are calculated
histograms using an incommensurate SDW (dotted lines)
with wave vector Q=[2%(3+€),0,0], with €=0.04, as de-
scribed in Ref. 8. The simulations based on local inhomoge-
neities are clearly a better fit to the experiments. The values
of a and ¢ are reasonably close to the DFT calculations,
suggesting that the origin of the broad NMR spectra is a
natural consequence of doping-induced disorder in the anti-
ferromagnetic state rather than a change from commensurate
to incommensurate ordering and resolve the apparent dis-
crepancy between neutron-scattering and NMR results.®!!
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FIG. 3. (Color online) (T,7)~' versus temperature in

Ba(Fe;_,Ni,),As, for x=0 [M, gray, reproduced from (Ref. 13)],
x=0.72% (@, blue), x=1.6% (V, green), x=2.6% (¥, yellow), and
x=3.3% (A, red). Solid lines are fits as described in the text. Inset:
(TIT)iF versus T using the same symbols as in the main figure.
Solid lines are linear fits indicating behavior characteristic of 3D
fluctuations.

The fit quality for the x=3.3% data is poorer, which may
reflect inhomogeneous doping in this sample.??

In order to investigate the evolution of the spin dynamics
with doping, we measured the spin-lattice relaxation rate,
T;', at the central transition (1Z=—%<—> %) The data are well
fit to a single 7 component, and the temperature and doping
dependence are shown in Fig. 3. (T,T)"! probes the dynami-
cal spin susceptibility of the Fe spins and is given by
(T, T)"'=vky limw_,oEq,BF%(q) Xp(q,0)/fiw,  where the
form factor F(q) is the Fourier transform of the hyperfine
coupling and xj4(q, ) is the dynamical susceptibility.”> We
find (7,7)7! is enhanced in the paramagnetic state just
above Ty due to critical slowing down of the spin
fluctuations.”* For x=0, (7,7)"' exhibits a discontinuity
at Ty, consistent with the first-order nature of the phase
transition. The doped systems show characteristic
second-order critical fluctuations.>> The data are well fit to
(T\T)'=a+b/(T-Ty)"?, where the first term represents a
Korringa relaxation by itinerant quasiparticles and the sec-
ond term arises from 3D fluctuations of nearly antiferromag-
netic local moments.?? Ty is plotted in Fig. 2 and agrees well
with bulk measurements.””'> The inset of Fig. 3 shows
(T\DAp=[1/(T\T) -=a] 2~ &L, where &, is the antiferro-
magnetic correlation length. Clearly &yp~(T—Ty)™" with
v=1/2, the mean-field result for 3D fluctuations.?® These
critical fluctuations are suppressed with doping. Similar
trends were observed in Ba(Fe,;_,Co,),As, and attributed to
the evolution of both interband and intraband scatterings.?’

In summary we have measured the spectra of
Ba(Fe,_,Ni,),As, as a function of doping and temperature
and found a broad distribution of internal hyperfine fields
consistent with long-range modulations of the local spin den-
sity around the dopant atoms in the SDW state. Since Ni
doping is qualitatively similar to Co, we expect the broad
NMR line shapes observed in Ba(Fe;_,Co,),As, also arise
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from local inhomogeneities rather than
incommensurations.”®!> These observations are consistent
with recent DFT calculations and neutron-scattering
measurements.'>?! The spin-lattice relaxation rate reveals
strong 3D critical spin fluctuations that accompany the sup-
pression of 7 with doping.
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