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The origin of nematic order remains one of the major debates in iron-based superconductors. In theories
based on spin nematicity, one major prediction is that the spin-spin correlation length at (0, z) should
decrease with decreasing temperature below the structural transition temperature 7. Here, we report
inelastic neutron scattering studies on the low-energy spin fluctuations in BaFe; ¢35Nij 5 As, under
uniaxial pressure. Both intensity and spin-spin correlation start to show anisotropic behavior at high
temperature, while the reduction of the spin-spin correlation length at (0,7) happens just below T,
suggesting the strong effect of nematic order on low-energy spin fluctuations. Our results favor the idea that
treats the spin degree of freedom as the driving force of the electronic nematic order.
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The parent compounds of most iron-based supercon-
ductors exhibit long-range antiferromagnetic (AF) order at
low temperature with a stripe-type in-plane structure, where
the adjacent magnetic moments are antiparallel and parallel
to each other along the orthorhombic a and b axes,
respectively [1]. In addition to the breaking of the trans-
lational symmetry, this configuration also breaks the four-
fold rotational symmetry of the underlying lattice. It is
suggested theoretically that spin correlations in iron pnic-
tides may form a nematic order by restoring the O(3) spin-
rotational symmetry while keeping the C, tetragonal
symmetry broken within a narrow temperature range,
Ty <T<T,, where Ty and T, are the AF and structural
transition temperatures, respectively [2-8]. While inelastic
neutron scattering (INS) experiments found clear evidence
of anisotropic spin excitations in the uniaxial strained
paramagnetic orthorhombic phase of iron pnictides
[9,10], the effect is also present in the paramagnetic
tetragonal phase above T'; due to the presence of uniaxial
strain [I11]. In addition, neutron scattering and NMR
measurements have also found spin excitation anisotropy
without uniaxial strain below T, consistent with the
theoretical predictions [12—14].

While there is no question of the presence of spin
nematicity in iron pnictides, whether it is the driving force
of the electronic nematicity is still under debate [15-19].
An alternative picture is to treat the orbital degree of
freedom as the primary origin of the electronic nematicity
[20,21]. In angle-resolved photoemission spectroscopy
measurements, a pronounced energy splitting of bands
with d,, and d, orbital characters has been detected [22].
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Moreover, Raman and electron diffraction measurements
also reveal orbital quadrupole fluctuations in normal and
superconducting states [23,24]. While the nematic order
and its fluctuations have been suggested to be important
for the mechanism of novel superconductivity [25,26],
the origin of the electronic nematic order is still one of
the central unsettled issues in iron-based superconductors
[8,27,28].

The difficulty lies in the fact that the spin and orbital
degrees of freedom are generally coupled even without the
presence of long-range AF order such as the FeSe system
[29,30]. It is thus important to compare the experimental
observation of nematic order with theoretical results. In a
stripe-type AF phase, the low-energy spin waves can only
be found around (z, 0), whereas equal intensity should be
observed at both (z,0) and (0,r) above Ty. One of the
most important predictions of spin nematic theory is that
the nematic order should enhance magnetic excitations at
(7,0) in the form of increasing both the intensity and the
correlation length while those around (0, ) are suppressed
in an opposite way just below T, [4,6]. Experimentally,
there is a lack of study on the spin-spin correlation at (0, ),
which is crucial to establishing the nematic nature of the
spin system. We provide such a study here.

In this Letter, we report INS study on the spin nematicity
in detwinned BaFe| 935Nij o¢5AS,. The difference between
(z,0) and (0, z) both in the intensity and the correlation
length starts well above T, indicating a possible stabiliza-
tion of nematic spin fluctuations by the uniaxial pressure
due to spin-lattice coupling. The spin-spin correlation at
(0, z) starts to decrease just below T, suggesting a strong
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influence of nematic order on low-energy spin fluctuations.
Our results can be well explained by the spin nematic
theories [4,6].

A single crystal of BaFe; 935Nig og5AS, Was grown by the
self-flux method as described previously [31]. In this Letter,
we will always use the orthorhombic notation, in which the
momentum transfer 0 in reciprocal space is defined as
Q = Ha* + Kb* + Lc¢*, where H, K, L are Miller indices
and «* =2x/a, b* =2xr/b, ¢* =2r/c, with axbx
5.54 A and ¢ = 12.3 A. The slight difference between a
and b in the orthorhombic phase has no impact in our
measurements. The onset of nematic order is accompanied
by a tetragonal-to-orthorhombic structural transition that
results in twinning of the crystals. It has been shown that
the spin excitations show fourfold symmetry at zero pressure
due to twinning [9]. To resolve the spin excitations from
(7,0) and (0, z), a uniaxial pressure along one axis of the
orthorhombic lattice has to be applied to detwin the sample.
Therefore, the sample was cut into a rectangular shape along
a/ b directions of the orthorhombic cell with the dimension of
7.46 x 7.43 x 0.7 mm? by a high precision wire saw, and
then loaded into an aluminum device with a spring to apply a
uniaxial pressure of 12 MPa [9]. The device is mounted on a
supporting sample holder to align the crystal in the scattering
plane spanned by the wave vector (1 0 1) and (0 1 1), where
the spin excitations at Q = (101) and (0 1 1) can be
measured within one scattering plane [9]. Neglecting the
dependence along (0 0 L), these two wave vectors correspond
to (7, 0) and (0, z) as discussed above, respectively. The INS
experiments are carried out at PUMA thermal triple-axis
spectrometer at MLZ [32]. All measurements were done with
a fixed final wave vector, k; = 2.662 A, and horizontally
and vertically curved pyrolytic graphite (PG) crystals were
used as monochromator and analyzer.

Figure 1 gives the temperature dependence of the intensity
of magnetic Bragg peaksat (1 01)and (01 1) atboth zero and
12 MPa. Under zero pressure, the twinning of the crystals
results in the same intensity at (1 0 1) and (0 1 1) (not shown).
The zero intensity of (0 1 1) under 12 MPa at all temperatures
suggests that the sample is fully detwinned. The intensity at
(1 0 1) is proportional to M?, where M is the AF order
parameter. Therefore, it may be fitted as (1-7/Ty)** with a
Gaussian distribution of Ty [33,34]. The mean value of 7'y
(66.4 K), the critical exponent f5r (0.22) and the Gaussian
width ¢ (2.6 K) are consistent with previous reports in the
Ba(Fe,_,Co,),As, system [34]. The fitted 7'y is also close to
that obtained in the resistivity measurement [31]. The
pressure of 12 MPa causes slight enhancement of the
intensity at (1 0 1) above T’y but the data below Ty between
0 and 12 MPa are the same after proper scaling. Therefore, 3
should not change significantly with pressure [34]. Although
the applied uniaxial pressure should render the tetragonal-to-
orthorhombic structural transition to a crossover [11], we can
still observe a strong extinct effect for the intensity of the
nuclear Bragg peak (2 —2 0) as shown in the inset of Fig. 1,
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FIG. 1. Temperature dependence of the intensity of the AF

Bragg peaks at (1 0 1) and (0 1 1) under O and 12 MPa. The solid
line is fitted as described in the text. T is determined from the
fitting. The inset shows the temperature dependence of the
intensity of the nuclear Bragg peak at (2 —2 0), which shows
a kink at 7.

suggesting a further orthorhombic structural distortion below
this temperature, which is labeled as 7.

Figure 2 shows the Q scans around (1 0 1) and (0 1 1) at
7 meV. Both the intensity and the width of the peaks show
strong temperature dependence. Limited by the scattering
plane, the Q scans can only be done along the (H 0 H) and
(0 K K) direction for (1 0 1) and (0 1 1), respectively.
Nevertheless, since spin correlation along the ¢ direction is
much weaker than that in the a-b plane and almost no
correlation along the ¢ axis is found above T [35], the Q
scans along (H 0 H) and (0 K K) mainly reflect the behaviors
of $(Q, E) along the (H 0) and (0 K) directions, respectively.
In other words, the width of the peaks shown in Fig. 2 gives a
reasonable measure of the in-plane spin correlations at (7, 0)
and (0, x).

Figures 3(a) and 3(b) show the temperature dependence
of peak intensity S(Q, E) and the fitted full width at half
maximum (FWHM) at (1 0 1) and (0O 1 1). The difference of
S(Q, E) between two wave vectors becomes larger with
decreasing temperature below about 110 K that is much
higher than 7';. The FWHM at (1 0 1) smoothly decreases
with decreasing temperature, showing no sign of either T
or T,. On the other hand, similar measurements in
LaFeAsO and Ba(Fe(953C0g047),As, show a dramatic
decrease of linewidth only between T and Ty [12]. The
difference between these results and our results is due to the
fact that the measurements in this work are done under
12 MPa, whereas no pressure is applied in the former. At
zero pressure, the effect of nematic order should vanish
below Ty where the long-range AF order is established. A
large uniaxial pressure can lead to not just the spin
anisotropy far above 7'y [9], but also the observation of
nonzero S(Q, E) at (0 1 1) below Ty.

227003-2



PRL 117, 227003 (2016)

PHYSICAL REVIEW LETTERS

week ending
25 NOVEMBER 2016

1500

1200

©
o
o

Intensity (counts/5min)
[o2]
8

Intensity (counts/5min)

300

0?8 170 172 0.8 1.0 1.2
[H, 0, H] (r.L.u.) [0, K, K] (r.L.u.)

FIG.2. Background-subtracted Q scans at 7 meV along (a) (H 0
H) and (b) (0 K K). The data are shifted for different temper-
atures. The solid lines are the Gaussian fits of the data.

The nematic nature of spin-spin correlation may be further
revealed by comparing the temperature dependence of
AS(Q.E)~" and AFWHM?, where AS™' = S(Q. E){y),) —
S(Q, E)(_1101) and AFWHM? = FWHM(Z()H) — FWHM%IOI)'
It has been suggested that for overdamped spin excitations,
S(Q.E) x (r £ ¢)~' and FWHM « (r & ¢)'/?, where ¢
and r denote the nematic order parameter and the magnetic
correlation length with ¢ = 0, respectively [6]. This leads to
a relationship of AS~' o« AFWHM? as shown in Fig. 3(c),
which suggests that the trend of nematic signal can be seen
well below T.

The nematic order parameter for the spin system can be
expressed as ¢ & M3 — M3, where M7 and M3 are the spin
fluctuations at (z,0) and (0,7) respectively [4,6].
Therefore, we define yil.., = ;(’(’101) - ;(’(’011) to approxi-
mately represent ¢, where y” at (1 0 1) and (0 1 1) are
obtained by integrating the Q scans in Fig. 2 corrected by
the Bose factor. While the nematic transition happens at
about 80 K, the nonzero nematic order parameter can be
observed at a much higher temperature (Fig. 4) as reported
previously [9,15,24] including the local probe methods
[14,36,37]. It has been suggested that this phenomenon can
be explained by the Landau theory of phase transition
[11,38], which suggests that our results can also be
explained within the same framework if the nematic order
parameter is indeed proportional to )(?’101) - ;(’(’0] 1)- The free

energy may be simply given as F = a¢g® + bp* + ho,
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FIG. 3. Temperature dependence of (a) S(Q, E) and (b) FWHM

at (1 01)and (01 1) at 7 meV and 12 MPa. (c) Temperature
dependence of AS~! (blue solid diamonds) and AFWHM? (red
open diamonds) as defined in the main text. The solid lines are a
guide for the eye. The vertical dashed lines indicate 7 and T'y.
The error bars are given by the Gaussian fits.

where & denotes the conjugated field. Here, a=aq(T—T)
and b are the parameters as in a conventional Landau theory.
The solid line in Fig. 4 suggests that this simple model can
indeed describe the nematic behavior above T, demonstrat-
ing the role of uniaxial stress as the external field for the
nematic order parameter [6].

In the spin nematic picture, both the intensity and the
spin-spin correlation length should exhibit anisotropy
between (1 0 1) and (0 1 1) wave vectors in the nematic
phase [4,6]. INS studies on detwinned BaFe,_ Ni As,
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FIG. 4. Temperature dependence of y,.,. The solid line is
calculated according to the Landau free energy as described in the
main text with ay = 3.73, b = 0.036, and h = 266. The vertical
dashed lines indicate 7y and Ty.

show that the intensity of low-energy spin excitations at
(7,0) is indeed larger than that at (0, ) below a temper-
ature far above T, clearly demonstrating the change from
fourfold to twofold symmetry of the spin system under
uniaxial pressure [9]. The enhancement of the spin-spin
correlation length at (r, 0) is observed between T and Ty
in LaFeAsO and Ba(Fe(953C0g 047),AsS, at zero pressure
[12]. Our results fulfill the last piece of the above prediction
and give a unified picture of the effect of nematic order on
the low-energy spin excitations as summarized below.

In this work, the prediction of spin-spin correlation
anisotropy between (7,0) and (0,7) has been clearly
observed for the first time. The simple relationship between
AS~! and AFWHM? is quantitatively consistent with the
theory. Moreover, the spin-spin correlation length at (0, 7)
shows a kink behavior at 7. As reported previously, a
uniaxial pressure smears out the structural transition and
induces an orthorhombic lattice distortion at all temper-
atures [11]. While it seems that the nematic transition is
affected in a similar way under uniaxial pressure by
checking the temperature dependence of FWHM at
(1 01), the FWHM at (0 1 1) shows a sudden rise just
below T, although the difference between them can be
already observed below about 110 K [Fig. 3(b)]. It suggests
that the establishment of long-range nematic order sup-
presses the dynamical spin-spin correlation at (0, z), which
indicates that the nematic order transition seems still well
defined even under large uniaxial pressure. Our results
unambiguously demonstrate the nematic nature of the spin-
spin correlation in our sample as theoretical prediction; i.e.,
the nematic order enhances the spin fluctuations at (1 0 1)
with increasing spin-spin correlation while suppressing
those at (0 1 1) with decreasing spin-spin correlation. In
the case where the nematic order arises from the orbital

degree of freedom, such a strong anisotropy is not expected
in the spin-spin correlation as the nematic order parameter
should primarily couple to the charge channel rather than
the spin channel.

In conclusion, the most important result of this Letter is
the observation of the decease of the low-energy spin-spin
correlation length at (0, ) below T, as predicted by the
spin nematic theory. Combining with previous results
[9,12], the predictions of spin dynamics in the nematic
phase by the spin nematic theory [4,6] have been exper-
imentally confirmed. Our results favor the idea that the
electronic nematic order is driven by the spin degree of
freedom.
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