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We have performed systematic resistivity and inelastic neutron scattering measurements on
Fe0.98−zNizTe0.5Se0.5 samples to study the impact of Ni substitution on the transport properties
and the low-energy (≤ 12 meV) magnetic excitations. It is found that, with increasing Ni doping,
both the conductivity and superconductivity are gradually suppressed; in contrast, the low-energy
magnetic spectral weight changes little. Comparing with the impact of Co and Cu substitution,
we find that the effects on conductivity and superconductivity for the same degree of substitution
grow systematically as the atomic number of the substituent deviates from that of Fe. The im-
pact of the substituents as scattering centers appears to be greater than any contribution to carrier
concentration. The fact that low-energy magnetic spectral weight is not reduced by increased elec-
tron scattering indicates that the existence of antiferromagnetic correlations does not depend on
electronic states close to the Fermi energy.

I. INTRODUCTION

Research on the Fe-based superconductors has been
intense since the initial discovery of superconductivity
in LaO1−xFxFeAs (labelled 1111 according to the stoi-
chiometry of the parent compound) with Tc = 26 K [1].
Among the studied systems, the phase diagrams found
for Ba(Fe1−xTMx)2As2 (labelled 122, with TM = 3d
transition metals such as Co and Ni) have been quite
intriguing [2, 3], as the TM is isovalent to Fe, whereas in
the 1111 [1] and Ba1−x(Na/K)xFe2As2 [4, 5] cases, su-
perconductivity is achieved by heterovalent doping. Ini-
tially, the tuning of superconductivity in the 122 system
by substitution of Co or Ni had been understood by as-
suming that the TM ions simply contributed their extra
electrons to the conduction bands [6–8], with a resulting
rigid-band shift of the Fermi level [9–12]. However, the-
oretical analyses have indicated that the extra electrons
of the TM dopants do not entirely delocalize and that at
least part of the doping effect is associated with impurity
scattering [13–15]. These proposals have been supported
by spectroscopic studies [16–20], as well as by studies of
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magnetic correlations [21, 22]. One also finds that the
dependence of the superconducting dome as a function
of dopant concentration does not follow the scaling be-
havior predicted by the rigid-band model [2, 3, 6, 7, 23].

In the system Fe1+ySe, superconductivity occurs in
the nearly-stoichiometric compound without a need to
overcome antiferromagnetic order [24–26]. It is possi-
ble to enhance Tc by partial substitution of Te for Se
[27, 28]; however, substitution of Co, Ni, or Cu for Fe
in Fe1+yTe1−xSex, inevitably leads to a reduction in Tc
[24, 29–33]. For a given TM-dopant concentration, the
depression of Tc grows as one moves from Co to Ni to
Cu. In previous work, we have confirmed that Cu re-
duces Tc rapidly; furthermore, with 10% Cu substitution
in Fe0.98−zCuzTe0.5Se0.5, the resistivity has the temper-
ature dependence of an insulator [34]. We also observed
that low-energy (≤ 12 meV) antiferromagnetic spectral
weight is significantly enhanced with Cu doping, but
without inducing order. The impact of Cu on resistiv-
ity suggests strong scattering by the dopants, resulting
in localization of conduction electrons, and it is not sur-
prising that this would lead to the destruction of super-
conductivity. On the other hand, the Cu does not depress
the magnetic correlations, which are believed to be im-
portant to superconductivity. In fact, the effect on the
magnetism says something significant about the interac-
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tions responsible for the antiferromagnetic correlations.
Now, Cu has the most extreme impact on the electronic
transport, but is it qualitatively different from that in-
duced by Ni or Co dopants?

In this paper, we attempt to answer this question by
performing systematic resistivity and inelastic neutron
scattering measurements on Fe0.98−zNizTe0.5Se0.5 single-
crystal samples, with z = 0.02, 0.04, 0.10 (labelled as
Ni02, Ni04, and Ni10 respectively). The results are dis-
cussed with reference to those of the Cu-doped case [34].
With increasing Ni content, Tc is gradually suppressed.
With 10% Ni doping, the resistivity increases slowly with
decreasing temperature, exhibiting a weakly insulating
behavior. The low-energy magnetic correlations are mod-
ified somewhat by the Ni substitution, but the magnetic
spectral weight in the normal state changes relatively lit-
tle. Compared with the results from the Cu-substituted
samples, these impacts of Ni doping are reduced in mag-
nitude but qualitatively similar. Our results are com-
patible with the theoretical arguments that disorder and
scattering are significant consequences of TM substitu-
tion [13, 14]; in addition, the interactions responsible for
magnetic correlations must be short range.

II. EXPERIMENTAL

Single-crystal samples of Fe0.98−zNizTe0.5Se0.5 with
nominal concentrations of z=0.02, 0.04, and 0.10 (la-
belled as Ni02, Ni04, and Ni10 respectively) were grown
by the horizontal Bridgman method [35]. To start, the
raw materials (99.999% Te, 99.999% Se, 99.99% Fe, and
99.99% Ni) were weighed and mixed with the desired
molar ratio, and then doubly sealed into evacuated high-
purity (99.995%) quartz tubes. The materials were put
into the furnace horizontally and heated in the following
sequence: ramped to 660 ◦C in 3 h; held for 1 h; ramped
to 900 ◦C in 2 h; held for 1 h; ramped to 1000 ◦C in 1 h;
held for 12 h; cooled to 300 ◦C with a cooling rate of
−0.5 or −1◦C h−1; then the furnace was shut down and
cooled to room temperature. There was a small temper-
ature gradient in the furnace from one end to the other,
so that the melted liquid crystallized unidirectionally. To
minimize the effects of Fe interstitials, we used a nomi-
nal Fe composition of 0.98 instead of 1 for all samples.
From X-ray and neutron powder diffraction, and induc-
tively coupled plasma (ICP) measurements on the sample
compositions, the maximum deviation of the real com-
position from the nominal one was determined to be less
than 2% [36, 37]. The a-b plane resistivity was measured
using a four-point configuration with four contacts made
on the a-b plane, in a commercial cryostat, with an ap-
plied current of 5 mA. The samples used in the resistivity
measurements were cut from the same respective batches
used in the neutron scattering measurements. The typi-
cal dimension was 7× 2× 0.4 mm3.

Neutron scattering experiments on Ni02 and Ni10 were
carried out on the BT-7 triple-axis spectrometer at the

NIST Center for Neutron Research, using a beam colli-
mating configuration of Open-80′-Sample-80′-120′. Two
pyrolytic graphite (PG) filters were placed after the sam-
ple to reduce contamination from higher-order neutrons.
The final energy, Ef , was fixed at 14.7 meV. The Ni04
and Ni10 (the same sample measured on BT-7) samples
were measured on the HB1 triple-axis spectrometer at
the High Flux Isotope Reactor, Oak Ridge National Lab-
oratory. The beam collimations were 48′-40′-Sample-40′-
240′ with 2 PG filters after the sample. The Ef was fixed
at 13.5 meV. Each of the crystals was a semicylinder,
with two flat cleavage surfaces and a mass larger than
10 g. The crystals were mounted in aluminum sample
holders and loaded into a closed-cycle refrigerator (CCR).
The experiments were performed in the (HK0) plane de-
fined by the [100] and [010] wave vectors. The wave vec-
tors, Q, will be expressed in terms of reciprocal lattice
units (rlu) of (a∗, b∗, c∗) = (2π/a, 2π/b, 2π/c), where the
room-temperature lattice constants are a = b ≈ 3.8 Å,
and c = 6.1 Å, corresponding to a unit cell with two
Fe atoms. The measured intensity Imeas was converted
to the dynamical spin correlation function S(Q, E) with
absolute unit of µ2

BeV−1/Fe by the integrated incoherent
elastic scattering intensity Iinc measured at (0.7, 0.3, 0),
and (0.7, 0.7, 0) and averaged, using the formula [38, 39]

S(Q, E) =
Imeasµ

2
B

4π|f(Q)|2p2
·
∑

j njσinc,j

Iinc
,

where µB is the Bohr magneton, f(Q) is the magnetic
form factor of Fe2+, p = 0.27 × 10−12 cm, nj and σinc,j
are the molar ratio and the incoherent cross section for
the element j in the compound, respectively.

III. RESULTS

Resistivity data with the current running in the a-b
plane, ρab for Ni02, Ni04, and Ni10 are shown in Fig. 1.
For comparison, the resistivity for a Ni-free sample, Ni0,
and 10% Cu-substituted sample, Fe0.88Cu0.1Te0.5Se0.5
(Cu10), are also plotted. With Ni doping, superconduc-
tivity is gradually suppressed. For Ni02, the resistivity
starts to drop at ∼ 12 K, and zero resistivity is reached
at ∼ 9.8 K, as shown in the inset of Fig. 1; these two
temperatures for the Ni04 sample are 10.5 K and 8.5 K
respectively. The Ni10 is not superconducting down to
the lowest temperature measured (2 K). The absolute val-
ues of the resistivity in the normal state are also higher
in the Ni-substituted samples, indicating a suppression
of the electrical conductivity.

Compared with Cu, the impact of Ni substitution on
the normal-state resistivity is much more benign [34]. Ni
increases the normal-state resistivity with respect to the
Ni-free sample by roughly a factor of 4 to 5 at 20 K,
whereas the increase is almost 4 orders of magnitude
for the Cu10 sample. The latter resistivity can be fit-
ted rather well with a three-dimensional Mott variable-
range-hopping formula [41] ρab = ρ0exp(T0/T

1/(1+d)), as
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FIG. 1. (Color online) a-b plane resistivity (ρab) for Ni0,
Ni02, Ni04, Ni10, and Cu10 in the semi-log scale. Dashed
lines are results of fits to the data with the three-dimensional
Mott variable range hopping formula, as described in the text.
Inset shows ρab vs temperature in the low-temperature range
for the three superconducting samples, Ni0, Ni02 and Ni04.

FIG. 2. (Color online) Tc as a function of TM concentration
(a), and resistivity at the temperature where ρab starts to
drop (b) for Co, Ni and Cu. Open and closed circles are data
extracted from the work by Nabeshima et al., [40] and Shipra
et al. [33] respectively. Lines in (a) and shade in (b) are
guides to the eyes. Error represents one standard deviation σ
throughout the whole paper.

indicated in Fig. 1 by the dashed line following the Cu10
data; here, ρ0 and T0 are constants, and d = 3 is the
dimensionality. This indicates that the Cu10 sample be-
haves like a three-dimensional Mott insulator. A similar
fit to the Ni10 data works over a substantial temperature
range, but overshoots at low temperature, perhaps due
to the presence of residual superconducting correlations.

In Fig. 2(a) we plot Tc (onset) as a function of the TM
substitution z for our Ni and Cu-doped samples and com-
pare with results for Co-doping (in samples with similar

Te concentration) from Refs. 33 and 40. One can see that
there is a monotonic increase in the rate of Tc suppres-
sion in going from Co to Ni to Cu. For Co, the sample
is superconducting with z up to 10%, where Tc is still
close to 10 K [33]. For Ni, Tc drops to zero somewhere
between 4% and 10% doping, while for Cu, the cutoff z
for superconductivity is ∼ 2%. For Co, Ni and Cu, the
Tc reduction rates are −0.58, −1.24, and −3.68 K per 1%
substitution, respectively. In Fig. 2(b), it is shown that
Tc is anticorrelated with the normal-sate resistivity. For
Co doping, where the resistivity is quite close to that of
the undoped sample, Tc is higher; Ni lies in the interme-
diate range between Co and Cu. The rate of Tc reduction
tends to follow the normal-state resistivity.

Next, we turn to the inelastic neutron scattering mea-
surements of the magnetic excitations. We have per-
formed a series of scans around the two characteristic
wave vectors (0.5, 0) and (0.5, 0.5) at excitation energies
of 2 to 12 meV, with a 2-meV interval. As in previous
studies for Se contents close to 50% [28, 34, 36, 42–45],
there is little spectral weight around (0.5, 0); hence, we
will focus on the results near (0.5, 0.5). While we have
carried out measurements over a temperature range from
5 to 300 K, the trends in magnetic spectral weight with
doping are adequately captured by considering just the
data obtained at 100 K (well above the maximal Tc of this
system to avoid any effects from the superconducting cor-
relations). Furthermore, the results for Ni02 appear to
be very similar to those of the Ni04 sample. Taking all
these points into account, we plot in Fig. 3 representative
results as contour maps around (0.5, 0.5) at a constant
energy of 6 meV for each of the Ni0, Ni04, and Ni10
samples. These maps are obtained by plotting a series
of linear scans with the trajectories shown in Fig. 3(a).
For comparison, the data for Cu10 are also shown. At
this temperature of 100 K, the magnetic scattering peaks
at wave vectors displaced from (0.5, 0.5) along the [11̄0]
direction, as in previous work [34, 42, 46].

To provide a better comparison of the strength of
the magnetic excitations, in Fig. 4, we plot linear scans
through (0.5, 0.5) along the [11̄0] direction with an energy
transfer of 6 meV at 100 K for the Ni0, Ni04, Ni10 and
Cu10 samples. While there is some variation in the wave
vectors of the peaks, the widths stay relatively constant.
To compare the overall spectral weight at low energies,
we have Q-integrated the intensities for scans from 2 to
12 meV; the results are plotted as a function of the en-
ergy transfer in Fig. 5. The Ni doping has relatively little
impact on the low-energy magnetic spectral weight com-
pared with the Cu doping, as represented by the Cu10
sample.

IV. DISCUSSION

Our measurements of resistivity in Ni and Cu-
substituted samples of Fe0.98Te0.5Se0.5 indicate that the
TM dopants cause an increase in scattering whose mag-
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FIG. 3. (Color online) Contour plots of the magnetic scattering at a constant energy of 6 meV at 100 K for Ni0, Ni04, Ni10,
and Cu10. The data are obtained by performing a series of linear scans along the [110] direction (illustrated by the arrow)
through the positions indicated by the dots in (a). The bright spot close to (0.3, 1) is a spurion.

FIG. 4. (Color online) Linear scans through (0.5, 0.5) along
the [11̄0] direction with an energy transfer of 6 meV at 100 K
for Ni0, Ni04, Ni10, and Cu10. Solid lines through the data
are the results of fits with double Gaussians.

nitude grows rapidly as the atomic number of the TM
dopant deviates from that of Fe. Considering the impact
on Tc, it appears that even Co has a negative impact.
With increasing atomic number, the 3d states of the TM
dopants shift to higher binding energies relative to those
of Fe. Density functional calculations of FeSe with vari-
ous TM dopants have indicated that much of the charge
of the extra 3d electrons remains close to the TM ions,
and it has been proposed that the TM dopants may have
their largest impact as scattering centers [13]. Our results
are consistent with this proposal. It is important to note,
however, that the TM dopants are not the only source of
disorder in our samples. A diffraction study has found
a difference in Fe-Te and Fe-Se bond lengths of 0.15 Å
[47], while evidence for short-range segregation of Se and

FIG. 5. (Color online) Q-integrated intensities of the
constant-energy scans shown in Fig. 4, but at energies rang-
ing from 2 to 12 meV with a 2-meV interval at 100 K for Ni0,
Ni04, Ni10, and Cu10. Solid lines are guides to the eyes.

Te has been provided by scanning transmission electron
microscopy [26] and scanning tunneling microscopy [48].
If disorder alone were the key factor, it is not clear why
relatively small concentrations of Ni or Cu would have
such a large effect on the transport properties.

In the case of BaFe2As2, TM substitution depresses
antiferromagnetic order and, above a threshold concen-
tration, induces superconductivity. It has been proposed
that the disorder effect of TM dopants could be suffi-
cient to explain this effect [15]. In this argument, spin-
density-wave order results from scattering of conduction
electrons between Fermi surface pockets, and this mech-
anism is disrupted by impurity scattering to a greater
extent than is the electron pairing of the superconduct-
ing state. Our results appear to be inconsistent with this
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proposal. We find that the low-energy magnetic spec-
tral weight is not reduced by Ni doping, and actually
increases with Cu doping. Furthermore, the magnetic
correlation length is always quite short. These observa-
tions indicate that the important magnetic interactions
must be short ranged and are insensitive to the coherence
of electronic quasiparticles.

For the sake of completeness, we now want to discuss
the possibility of static magnetic order. We know that
in the optimally-doped samples, there is no static order,
long- or short-ranged, and the spectral weight is concen-
trated around (0.5, 0.5) [43, 49]. However, with sufficient
excess Fe, which suppresses the superconductivity, short-
range static order with the wave vector (0.5, 0, 0.5), can
be induced [36]. These results indicate that extra Fe
stabilizes the bicollinear antiferromagnetic order that is
incompatible with superconductivity. Density-functional
calculations have confirmed that with excess Fe, the spin
configuration changes from collinear with an in-plane or-
dering wave vector of (0.5, 0.5) to a bicollinear structure
with in-plane ordering wave vector (0.5, 0) [50]. To see
whether similar static magnetic order can be induced
with Ni or Cu substitution, we have carried out addi-
tional measurements in the (H0L) plane. Those results
turn out to be negative. Hence, it seems likely that the
Ni dopants substitute for Fe in the lattice.

While the Ni and Cu dopants do not reduce the low-
energy magnetic spectral weight, at concentration where
no superconductivity is observed, they inhibit magnetic
correlations from becoming commensurate at low tem-
perature, and this effect is correlated with the suppres-
sion of superconductivity [42]. This result has been in-
terpreted as a consequence of the suppressed orbital or-
dering by the disorder and thus worsened shape match-
ing of the Fermi surface connected by the nesting vec-
tor [42]. Our observations that the magnetic excitations
in the Ni10 sample peak further away from the commen-
surate position [Figs. 3(c), and 4] are consistent with
these results. Thus, the scattering effects of the Ni and

Cu dopants might impact orbital as well as charge corre-
lations.

V. SUMMARY

In conclusion, our systematic resistivity and inelas-
tic neutron scattering measurements on a series of
Fe0.98−zNizTe0.5Se0.5 samples have shown that Ni sup-
presses both the superconductivity and conductivity,
with relatively little impact on the magnetic correlations.
These effects are weaker than those of the Cu-doped case.
We attribute this to the weaker impurity potentials of the
Ni dopants. Considering the reports on the substitution-
dependent effects in the 122 [14, 19, 21] and Li(Na)FeAs
(111) [51, 52] systems, it appears that the substitution
effects get stronger as the impurity potential of the sub-
stituent becomes larger is universal among the Fe-based
superconductors.
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and S. Schuppler, Phys. Rev. B 86, 104503 (2012).

[19] S. Ideta, T. Yoshida, I. Nishi, A. Fujimori, Y. Kotani,
K. Ono, Y. Nakashima, S. Yamaichi, T. Sasagawa,
M. Nakajima, K. Kihou, Y. Tomioka, C. H. Lee, A. Iyo,
H. Eisaki, T. Ito, S. Uchida, and R. Arita, Phys. Rev.
Lett. 110, 107007 (2013).

[20] J. A. McLeod, A. Buling, R. J. Green, T. D. Boyko, N. A.
Skorikov, E. Z. Kurmaev, M. Neumann, L. D. Finkel-
stein, N. Ni, A. Thaler, S. L. Bud’ko, P. C. Canfield,
and A. Moewes, J. Phys. Condens. Matter 24, 215501
(2012).

[21] M. G. Kim, J. Lamsal, T. W. Heitmann, G. S. Tucker,
D. K. Pratt, S. N. Khan, Y. B. Lee, A. Alam, A. Thaler,
N. Ni, S. Ran, S. L. Bud’ko, K. J. Marty, M. D. Lums-
den, P. C. Canfield, B. N. Harmon, D. D. Johnson,
A. Kreyssig, R. J. McQueeney, and A. I. Goldman, Phys.
Rev. Lett. 109, 167003 (2012).

[22] H. Takeda, T. Imai, M. Tachibana, J. Gaudet, B. D.
Gaulin, B. I. Saparov, and A. S. Sefat, Phys. Rev. Lett.
113, 117001 (2014).

[23] H.-H. Kuo, J.-H. Chu, S. C. Riggs, L. Yu, P. L. McMa-
hon, K. De Greve, Y. Yamamoto, J. G. Analytis, and
I. R. Fisher, Phys. Rev. B 84, 054540 (2011).

[24] M. Wu, F. Hsu, K. Yeh, T. Huang, J. Luo, M. Wang,
H. Chang, T. Chen, S. Rao, B. Mok, C. Chen, Y. Huang,
C. Ke, P. Wu, A. Chang, C. Wu, and T. Perng, Physica
C 469, 340 (2009).

[25] T. M. McQueen, Q. Huang, V. Ksenofontov, C. Felser,
Q. Xu, H. Zandbergen, Y. S. Hor, J. Allred, A. J.
Williams, D. Qu, J. Checkelsky, N. P. Ong, and R. J.
Cava, Phys. Rev. B 79, 014522 (2009).

[26] R. Hu, H. Lei, M. Abeykoon, E. S. Bozin, S. J. L. Billinge,
J. B. Warren, T. Siegrist, and C. Petrovic, Phys. Rev.
B 83, 224502 (2011).

[27] N. Katayama, S. D. Ji, D. Louca, S. Lee, M. Fujita, T. J.
Sato, J. S. Wen, Z. J. Xu, G. D. Gu, G. Y. Xu, Z. W. Lin,
M. Enoki, S. Chang, K. Yamada, and J. M. Tranquada,
J. Phys. Soc. Jpn. 79, 113702 (2010).

[28] T. J. Liu, J. Hu, B. Qian, D. Fobes, Z. Q. Mao, W. Bao,
M. Reehuis, S. A. J. Kimber, K. Prokes, S. Matas, D. N.
Argyriou, A. Hiess, A. Rotaru, H. Pham, L. Spinu,
Y. Qiu, V. Thampy, A. T. Savici, J. A. Rodriguez, and
C. Broholm, Nature Mater. 9, 718 (2010).

[29] E. L. Thomas, W. Wong-Ng, D. Phelan, and J. N. Mil-
lican, J. Appl. Phys. 105, 073906 (2009).

[30] A. J. Williams, T. M. McQueen, V. Ksenofontov,
C. Felser, and R. J. Cava, J. Phys. Condens. Matter
21, 305701 (2009).

[31] T.-W. Huang, T.-K. Chen, K.-W. Yeh, C.-T. Ke, C. L.
Chen, Y.-L. Huang, F.-C. Hsu, M.-K. Wu, P. M. Wu,
M. Avdeev, and A. J. Studer, Phys. Rev. B 82, 104502

(2010).
[32] D. J. Gawryluk, J. Fink-Finowicki, A. Wisniewski,

R. Puzniak, V. Domukhovski, R. Diduszko, M. Ko-
zlowski, and M. Berkowski, Supercond. Sci. Tech. 24,
065011 (2011).

[33] R. Shipra, H. Takeya, K. Hirata, and A. Sundaresan,
Physica C 470, 528 (2010).

[34] J. Wen, S. Li, Z. Xu, C. Zhang, M. Matsuda, O. Sobolev,
J. T. Park, A. D. Christianson, E. Bourret-Courchesne,
Q. Li, G. Gu, D.-H. Lee, J. M. Tranquada, G. Xu, and
R. J. Birgeneau, Phys. Rev. B 88, 144509 (2013).

[35] J. Wen, G. Xu, G. Gu, J. M. Tranquada, and R. J.
Birgeneau, Rep. Pro. Phys. 74, 124503 (2011).

[36] Z. Xu, J. Wen, G. Xu, Q. Jie, Z. Lin, Q. Li, S. Chi, D. K.
Singh, G. Gu, and J. M. Tranquada, Phys. Rev. B 82,
104525 (2010).

[37] I. A. Zaliznyak, Z. J. Xu, J. S. Wen, J. M. Tranquada,
G. D. Gu, V. Solovyov, V. N. Glazkov, A. I. Zheludev,
V. O. Garlea, and M. B. Stone, Phys. Rev. B 85, 085105
(2012).

[38] G. Shirane, S. M. Shapiro, and J. M. Tranquada, Neu-
tron Scattering with a Triple-Axis Spectrometer: Ba-
sic Techniques (Cambridge University Press, Cambridge,
2002).

[39] G. Xu, Z. Xu, and J. M. Tranquada, Rev. Sci. Instr. 84,
083906 (2013).

[40] F. Nabeshima, Y. Kobayashi, Y. Imai, I. Tsukada, and
A. Maeda, Jpn. J. Appl. Phys. 51, 010102 (2012).

[41] N. F. Mott, Phil. Mag. 19, 835 (1969).
[42] Z. Xu, J. Wen, Y. Zhao, M. Matsuda, W. Ku, X. Liu,

G. Gu, D.-H. Lee, R. J. Birgeneau, J. M. Tranquada,
and G. Xu, Phys. Rev. Lett. 109, 227002 (2012).

[43] M. D. Lumsden, A. D. Christianson, E. A. Goremychkin,
S. E. Nagler, H. A. Mook, M. B. Stone, D. L. Abernathy,
T. Guidi, G. J. MacDougall, C. De La Cruz, A. S. Sefat,
M. A. McGuire, B. C. Sales, and D. Mandrus, Nature
Phys. 6, 182 (2010).

[44] A. D. Christianson, M. D. Lumsden, K. Marty, C. H.
Wang, S. Calder, D. L. Abernathy, M. B. Stone, H. A.
Mook, M. A. McGuire, A. S. Sefat, B. C. Sales, D. Man-
drus, and E. A. Goremychkin, Phys. Rev. B 87, 224410
(2013).

[45] N. Tsyrulin, R. Viennois, E. Giannini, M. Boehm,
M. Jimenez-Ruiz, A. A. Omrani, B. D. Piazza, and H. M.
Rønnow, New J. Phys. 14, 073025 (2012).

[46] Z. Xu, J. Wen, J. Schneeloch, A. D. Christianson, R. J.
Birgeneau, G. Gu, J. M. Tranquada, and G. Xu, Phys.
Rev. B 89, 174517 (2014).
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