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Inelastic neutron scattering measurements on Ba(Feq.925 Mng.o75)2Asz manifest spin fluctuations

at two different wavevectors, Qstripe = (3, 5,

(1, 1,1) and Qng¢el = (1,0, 1), corresponding to the expected

stripe spin-density wave order and checkerboard antiferromagnetic order in the tetragonal I4/mmm
cell, respectively. Below Tn =80 K, long-range stripe magnetic ordering occurs and sharp spin
wave excitations appear at Qg¢ripe While broad and diffusive spin fluctuations remain at Qe at
all temperatures. Low concentrations of Mn dopants nucleate local moment spin fluctuations at
Qneel that compete with itinerant spin fluctuations at Qgtripe and may disrupt the development of

superconductivity.

Electron and hole doping are common methods
used to suppress antiferromagnetism and induce high-
temperature superconductivity in copper oxide and iron
arsenide compounds. However, the magnetic and chemi-
cal disorder introduced by doping can also have a detri-
mental effect on superconductivity. The iron arsenides
give great hope for understanding the phenomenon of
high-temperature superconductivity due to their excep-
tional chemical flexibility. In BaFegsAss, antiferromag-
netic (AFM) ordering is driven by Fermi surface nesting,
resulting in stripe spin-density wave ordering with prop-
agation vector Qstripe = (%, %, 1) in I4/mmm tetragonal
(or (3,0) in Fe square lattice) notation. A variety of
different chemical substitutions can suppress AFM or-
dering, and the role that the resultant AFM spin fluc-
tuations play in the development of the superconducting
state is an open question.

The substitution of Fe with Co acts as an elec-
tron donor that detunes the nesting condition,' leading
to suppression of the stripe AFM ordering.? The ap-
pearance of superconductivity with Co doping is sur-
prising, as doping within the Fe layer may introduce
strong disorder effects.®? When Ba2t is substituted
by KT, stripe AFM order is suppressed and a su-
perconducting state appears.” Angle-resolved photoe-
mission spectroscopy data on Baj_ Ky FesAsy support
a picture where K substitutions act as hole donors
that detune the Fermi surface pockets connected by
Qsmpc.ﬁ Observations of the neutron spin resonance in
Ba(Fe;_xCoy)2Asy” and Baj _ K FeaAsy® show that su-
perconductivity is coupled to spin fluctuations at the
nesting vector Qstripe = (%, %, 1) for both electron and
hole-doped compounds.

Similar to K substitution for Ba, Mn and Cr substi-
tutions for Fe nominally donate holes and should also
detune the Fermi surface nesting. Intriguingly however,
superconductivity never develops; an answer to this mys-
tery may arise from the role that Mn and Cr substi-
tutions play as magnetic impurities in the Fe layer.%1?
Neutron diffraction data indicate that Cr doping leads
to a (checkerboard) Néel antiferromagnetic state with

propagation vector Qe = (1,0,1) (or (%,%) in Fe
square lattice notation). In Ba(Fe;_Cry)2Asa, the stripe
AFM order gives way to Néel AFM order only after a
fairly substantial replacement of Fe with Cr, z >0.30.!
Ba(Fe;_xMny)2Ase presents a more mysterious case.
While BaMnyAs, is itself a Néel antiferromagnet,'? a
different magnetic phase appears at relatively small con-
centrations of Mn(z > 0.10).1® The magnetic propaga-
tion vector remains the same as that of stripe order,
Q = (%, %, 1), but the tetragonal-orthorhombic struc-
tural transition abruptly disappears. This is highly un-
usual, as the orthorhombic distortion is an expected con-
sequence of magnetoelastic coupling in the presence of
stripe AFM order.'3

Inelastic neutron scattering measurements examined
the effect of Mn substitution on the spin excitations on
Ba(Fe;_xMny )2 Ase with 2 = 0.075. Here we report that
Mn doping does not act solely as a hole donor, but instead
introduces spin fluctuations at a wavevector Qg that is
unrelated to the dominant Qgtripe Fermi surface nesting
of BaFeyAsy. Spin fluctuations at Qugel and Qstripe are
observed to coexist, suggesting the Mn dopants act as lo-
cal magnetic impurities that polarize neighboring Fe/Mn
spins. The appearance of spin fluctuations associated
with Mn moments may be disruptive for the development
of superconductivity.

The sample studied consists of single-crystals of
Ba(Fe;_xMny)2Ass with @ = 0.075 weighing approxi-
mately two grams that are co-aligned to within ~1 de-
gree. The sample orders into the stripe AFM structure
simultaneously with a tetragonal-orthorhombic transi-
tion below Ty = 80K,'? reduced from 135K for the
parent BaFeyAss compound. Homogeneity of the Mn
doping throughout the sample was verified using wave-
length dispersive X-ray spectroscopy, and also by not-
ing the sharpness of the AFM transition. Furthermore,
recent nuclear magnetic resonance (NMR) studies of
Ba(Fe;_xMny)2Asy rule out the possiblity of spatial in-
homogeneity at similar Mn doping levels.!* Additional
details of crystal growth and characterization are de-
scribed elsewhere.” The sample was mounted in a closed-
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FIG. 1. (a) Spin excitations in Ba(Feg.925 Mng.o75)2As2 as mea-
sured on SEQUOIA with incident energy FE; = 74.8 meV and the
crystallographic c-axis parallel to the incident beam. Data are
displayed in the (H + K, H — K) plane and averaged over an en-
ergy transfer of E = 5-15meV. Because of the fixed crystal ori-
entation with incident beam, the L component of the wavevector
varies slightly with the in-plane wavevector and energy transfer.
The indicated vectors are Qgtripe = %, %,L ~ 1) [H:%,K=O]7
Qngel = (1,0,L = 1) [H:%,K:%} in the coordinate system of
the I4/mmm tetragonal lattice. (b) A cut of the Mn-doped data
(black symbols) and estimated phonon background (shaded sym-
bols) along the [K, — K|-direction, as indicated by the dashed line in
(a). (c) Spin excitations in Ba(Feg.926 Cog.074)2As2 averaged over
an energy transfer range of 5-15meV as measured on the ARCS
spectrometer with F; = 49.8 meV and the c-axis parallel to the
incident beam. (d) A cut of the Co-doped data (black symbols)
and background (shaded symbols) along the [K, — K]-direction. In
(a) and (c), an estimate of the instrumental background has been
subtracted.

cycle refrigerator for temperature dependent studies on
the SEQUOIA, HB1A, and HB3 neutron spectrometers
at the Oak Ridge National Laboratory. The neutron scat-
tering data are described in the tetragonal I4/mmm co-
ordinate system with Q = 2 (H + K)i+ 2= (H — K) j+
21k = (H+K,H—K,L) where a = 3.97A and ¢ =
12.80A at T = 15K. H and K are defined to con-
veniently describe diagonal cuts in the I4/mmm basal
plane as varying H (K) corresponds to a longitudinal
[H, H] scan (transverse [K,—K] scan). In tetragonal

I4/mmm notation, Qsuipe = (3,3,1) [H = 3, K = 0]
and Queel = (1,0,1) [H = %, K = %] Thus H and K

also correspond to the reciprocal lattice units of the Fe
square lattice and Qgtripe = (%, 0) and QNgel = (%, %) in
Fe square lattice notation. For the remainder of the pa-
per we use the T4/mmm notation unless explicitly stated
otherwise.

Figure 1(a) shows background subtracted data in the
stripe AFM ordered phase at T = 6K and an energy
transfer £ = 10 meV. Sharply defined peaks are ob-
served near Qgtripe = (%, %,1) and symmetry related
wavevectors corresponding to spin waves in the stripe
AFM state. Broad inelastic scattering is also observed
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FIG. 2. (a) Spin excitations in Ba(Fep.925 Mng.o75)2As2 measured
along [1,0,L] at T = 10 K on HB1A with £ = 3meV, E; =
14.7 meV, 48’-40'-80’-136’ horizontal collimation, and the sample
mounted in the [100]-[001] scattering plane. (b) Spectrum of spin
excitations emanating from Qngel and Qggripe as measured on
SEQUOIA after averaging over the range H = 0.50 £ 0.05. (c)
Energy spectrum at Qpge) from SEQUOIA data after averaging
over the Q-region K = —0.50 4+ 0.05, H = 0.50 £ 0.05. The lines in
(a) and (c) are a fit to a model of paramagnetic spin fluctuations
as described in the text.

at Queéer = (1,0,1) and symmetry related wavevec-
tors. A transverse cut along the [K, —K]-direction in
Fig. 1(b) highlights the strong inelastic scattering at both
Qstripe and Qneel.  Previously published data on Co-
doped Ba(Feg 926Cog.074)2As2 find no such excitations at
Qneel.'® At this comparable doping level, the Co-doped
sample is paramagnetic and superconducting, and Figs.
1(c) and 1(d) show only a broad peak at Qgiipe Origi-
nating from stripe spin fluctuations common to all iron-
based superconductors.'®

It is at first unclear whether the inelastic scattering
intensity observed in the Mn-doped sample at Qeel is
magnetic or nuclear in origin, since (1,0,1) is a nuclear
Bragg peak in the I4/mmm space group. The absence
of any inelastic peak in Co-doped materials near Qneel
suggests that it does not arise from phonons in the vicin-
ity of the (1,0,1) nuclear peak. Perhaps the strongest
evidence for the magnetic origin of this feature comes
from measurements along the (1,0, L) direction using the
HBI1A triple-axis spectrometer, shown in Fig. 2(a). At
T =10K and E = 3meV, the intensity manifests a sinu-
soidal modulation peaked at odd values of L, as expected
for antiferromagnetic spin correlations between the lay-
ers. The decay of the signal at large L follows the Fe?*
magnetic form factor, thereby confirming their magnetic
nature.

Fig. 2(b) shows that the magnetic spectrum at Qsripe
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FIG. 3. Spin excitations in Ba(Feg.g25 Mng.o75)2As2 measured on
SEQUOIA at (a) 250K, (b) 125K, (c) 85K, and (d) 6 K in a section
of the (H + K, H — K) plane after averaging over an energy transfer
range of 10 £5meV, and (e) measured on HB3 along the [K, —K]-
direction at several different temperatures (offset) and an energy
transfer £ = 7.5meV with E; = 30.5meV, collimation 48’-60"-80’-
120/, and the sample mounted in the [112]-[110] scattering plane.
Lines in (e) are fits to a model of paramagnetic spin fluctuations
as described in the text.

consists of steep spin waves associated with the long-
range stripe AFM order whereas, at Qnsel, figs. 2(b) and
(c) indicate that the spectrum has a quasielastic or re-
laxational form. Therefore, Mn-doping introduces short-
ranged checkerboard-like spin correlations with wavevec-
tor Qneel that are purely dynamic and coexist with the
long-range stripe AFM order.

To clarify the relationship between magnetism at Qneel
and Qstripe, We studied the temperature dependence of
the spin fluctuations, as illustrated in Fig. 3(a)-(e). Mag-
netic fluctuations at Qnee are weakly temperature de-
pendent and persist up to at least 300 K. As expected,
the excitations at Qstripe become broader above Ty =
80K and paramagnetic stripe spin fluctuations become
nearly washed out at 300K. This broadening occurs
more strongly along the [K, — K|]-direction transverse to
Qstripe, signaling a significant temperature dependence
of the in-plane anisotropy of the stripe spin fluctuations.

The temperature dependence of the imaginary part of
the dynamic magnetic susceptibility x”(Qneel, £) and
X" (Qstripe; £) is shown in Figs. 4(a) and 4(b), respec-
tively. The susceptibility is obtained from neutron scat-
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FIG. 4. (a) x”"(QnN¢gel;s E) measured at £ = 3meV on HB1A
(open symbols) and 7.5 meV on HB3 (closed symbols) as a function
of temperature. (b) Temperature dependence of x"'(Qstripe: £ =
7.5meV) (black circle symbols) as measured on HB3. The intensity

of the magnetic Bragg peak at Qgtripe = (%, %,1) (blue square
symbols) indicates the development of stripe magnetic order below

TN- The dashed lines in (a) and (b) are guides to the eye.

tering data according to the formula
S(Q.B) o fAQX"(Q.E)(1 —e P (1)

where S(Q, F) = I(Q, F) — B(Q, E) is the magnetic in-
tensity, I(Q, E) is the measured intensity, B(Q, F) is
a background function estimated from scans performed
well away from the magnetic scattering features, and
f(Q) is the magnetic form factor of an Fe®" ion.'® The
susceptibility at both wavevectors grows upon cooling,
indicating competing magnetic instabilities. The stripe
AFM correlations become dominant and the susceptibil-
ity reaches a maximum consistent with critical scattering
near the onset of stripe magnetic order at Ty. Surpris-
ingly, the stripe AFM ordering has little or no effect on
the susceptibility at Qngel, which continues to grow as
the temperature is lowered. In other systems with com-
peting magnetic instabilities, such as the ferromagnetic
and antiferromagnetic interactions in colossal magnetore-
sistive manganites, the ordering of the dominant insta-
bility quickly suppresses competing fluctuations.'”

The length and energy scales of the paramagnetic spin
fluctuations is obtained by fitting both the SEQUOIA
and HB3 data measured above Tx to a susceptibility
function that has been successfully used to describe iron
arsenide compounds.'819 The susceptibility of the Fe lay-
ers near Qugel and Qsripe is described by

ANETN
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X" (Qnéel + q, E)

B AgETg
B2 + T3 [1 +€3(q* + ndaay))?

XI/(Qstripc + q, E) (3)

where &;, T';, and A4; (i = S or N) are the spin-spin correla-
tion length, relaxation rate, and scale factor, respectively.
The parameter 7 characterizes the two-fold anisotropy of
the correlation length expected at Qgiripe- The in-plane



momentum transfer vector, q = (¢z,qy), is defined rela-
tive to either Qneel 0T Qstripe-

In the theory for itinerant antiferromagnets, the relax-
ation width is determined by the scaling relation

navzé%p (4)

where ; is a characteristic spin fluctuation energy.?° For
stripe spin fluctuations above the ordering temperature
TN, the correlation length is expected to obey the form
for critical scattering

LIy 5)

T =
&s(T) = &so ( T
where v is the critical exponent. Since there is no or-
dering temperature associated with spin fluctuations at
Qneel, we assume that its correlation length follows an
empirical exponentially decaying form:

En(T) = Enoe™ T/T". (6)

The temperature dependence of model parameters
obtained by fitting the SEQUOIA and HB3 data to
Equs. (1-3) are shown in Fig. 5, representative fits are
shown as solid lines in Fig. 3(e). Solid lines in Fig. 2 are
fits which also include L-dependence of the susceptibil-
ity as described in Ref. 19. Subsequent fits to {s(7T) and
&n(T) using Eqn. (5) and Eqn. (6), respectively, allowed
us to verify the scaling relation for I';(T) in Eqn. (4). We
obtained the following temperature independent param-
eters; v = 0.32+0.05, {g0 = 4.8+ 0.4 A, éno = 10£1 A,
T* =330£80 K, vs =23+£3 meV, 7y = 8.3£0.5 meV.

Based on the fitting results in Fig. 5(a), we see that the
spin fluctuations at Qneel exist in nanoscale regions with
a characteristic size of ~ 10 A at 10 K. Mn doping there-
fore nucleates small fluctuating regions characterized by
dominant nearest-neighbor AFM (or G-type) exchange
interactions. This behavior is consistent with BaMngAss
itself, which is a G-type AFM insulator with large local
Mn?* moments and high Ty = 625K.*? Thus, rather
than acting solely as a hole donor, Mn dopants act as
magnetic impurities that couple to neighboring spins by
magnetic interactions that are unrelated to the Fermi sur-
face nesting at Qstripe. Similar conclusions were arrived
at in a recent NMR study of Ba(Fe;_xMny)aAsy. 4

The positive value of 77 in Fig. 5(d) indicates that stripe
spin fluctuations have a shorter correlation length in the
ferromagnetic bond direction, transverse to Qstripe. Elec-
tronic structure calculations of the generalized suscepti-
bility predict that n < 0 in hole-doped compounds, i.e.,
that the correlation length is shorter along the antifer-
romagnetic (longitudinal) direction?!. This has recently
been observed in (Bal_me)FegAsQ”, but is clearly not
the case here and provides further evidence that Mn is
not acting as a hole donor. Values of n approach the
critical ratio for the transformation from stripe to Néel
ordering in a local moment model (n = J;/Jy = 2)23
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FIG. 5. Temperature dependence of the model parameters
(a) Ex(T) (b) &(T), (c) Ti(T), (d) n obtained by fitting the
inelastic neutron scattering data. Blue square symbols cor-
respond to parameters for xx and red diamond symbols for
x§. Closed symbols were determined from SEQUOIA data
and open symbols from HB3 data. Lines in (a) and (b) cor-
respond to fits to Eqns. (6) and (5), respectively. The lines
in (c) correspond to those obtained after applying the scaling
relation Eqn. (4).

at high temperatures and signify a competition between
stripe and Néel ordering. The suppression of Ty with
Mn doping,'® while qualitatively similar to Co doping,?
is more likely a consequence of these competing magnetic
interactions rather than detuning of the Fermi surface
nesting. It is interesting to ponder whether the presence
of spin fluctuations at Qnge would prevent the appear-
ance of superconductivity in the Mn-doped system if T
could be suppressed further. However, slightly higher Mn
doping (z = 0.10) instead leads to the development of a
more stable ordered magnetic phase to which checker-
board fluctuations are a precursor.

The case of Mn-doped BaFeyAss has some interesting
parallels to the Fei;yTe;_«Sex system. Fe;i,Teg¢Seq 4
is a superconductor characterized by spin fluctuations
near Qsiripe = (%,O) (in Fe square lattice notation).?*
As the relative Se content is reduced towards Fe;,Te,
superconductivity is suppressed in favor of large moment
magnetic ordering with Fe square lattice wavevector near
(%, %) that is unrelated to Fermi surface nesting.?® Inter-
mediate compositions of Fei;,Te;_ySex are character-
ized by spin fluctuations at both wavevectors.2627 There-
fore, both Fe(Te,Se) and BaFesAss systems allow super-
conductivity to be induced by the appropriate chemical
substitution, but other chemical substitutions may re-
sult in the appearance of local moment magnetism that
is deleterious for superconductivity.
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