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In-plane anisotropy of the electric field gradient in Ba(Fe,_, Co,),As, observed by "As NMR
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We have performed 7 As NMR measurements on single crystals to investigate the nematic behavior via the
in-plane anisotropy of the electronic state at the As site far from Co impurities in the representative iron arsenides
Ba(Fe;_,Co,),As,. From the analysis of the angular dependence of the NMR satellites in the ¢ plane using the
binominal distribution, we find that there is the in-plane fourfold symmetry breaking, namely, the orthorhombic-
type anisotropy in the electric field gradient (EFG) at the As site with no Co atom at the nearest neighboring
Fe sites even in the tetragonal phase of both BaFe,As, and Ba(Fe,_,Co,),As;(x7#0). The NMR spectrum in
the antiferromagnetically ordered state of BaFe,As, is shown not to support a nanotwin model on the basis of
the nematic order proposed from the pair-distribution analysis of neutron scattering data. Based on results of
the x and temperature 7" dependences of the in-plane anisotropy in the wide x and T ranges, the symmetry
breaking is concluded to come from the local orthorhombic domains induced by disorder such as Co impurities
or lattice imperfections. Furthermore, we find that the asymmetry parameter of EFG 7 obeys the Curie-Weiss
law which may be governed by nematic susceptibility, and the Weiss temperature becomes zero at x. ~ 0.05 in

Ba(Fe;_,Co,),As,.
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I. INTRODUCTION

In iron-based superconductors with multiorbitals, the or-
bital fluctuation (fluctuation in electron occupation on orbitals)
is one of the important parameters which govern characteristic
properties emerging together with structural, magnetic, and
superconducting (SC) transitions. One of such properties
related to orbital degrees of freedom is the nematic order
and fluctuation. The local structure and local electronic state
appear with a lower symmetry than the crystal structure in the
tetragonal phase of the iron-based superconductors [1-4].

In general the iron-based superconductors have SC, an-
tiferromagnetic (AFM), and nematic ordered phases. The
transition from the paramagnetic phase to the nematic ordered
phase is accompanied with the structural transition from the
high-temperature (high-T') tetragonal to low-T orthorhombic
phases [5-8]. Figure 1 shows the T versus Co concentration x
phase diagram in representative iron-based superconductors,
Ba(Fe;_,Coy)2As; [8,9]. In this phase diagram, the nematic
transition is accompanied with the structural transition at T,
whereas a stripe-type AFM transition takes place at 7, equal
to or lower than 7;. Also the nematic ordered phase is charac-
terized by the breaking of the in-plane fourfold rotational (Cy4)
symmetry in electrical resistivity [1,10], magnetization [11],
and crystal structure [12]. In several studies, the symmetry
breaking is reported even in the tetragonal phase of Ty, < T' <
T* where T* is the temperature around which the nematic
phase becomes appreciable with decreasing 7 [1,11,13]. The
AFM and nematic phases are in proximity to the SC phase [8,9].
These characteristics make the orbital fluctuation mechanism
of SC realistic, because the breaking of the in-plane Cy
symmetry in the tetragonal phase may be somewhat related
to the short-range orbital ordering as the manifestation of the
locally frozen or pinned orbital fluctuation [14—16]. On the
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other hand, the spin-nematic order and fluctuation due to the
spin-lattice coupling have also been discussed [17-20].

Nuclear magnetic resonance (NMR) is a useful probe for
studying magnetic and electronic properties of the Fe-based su-
perconductors. Indeed, many NMR studies have been made to
study local susceptibility, spin fluctuations, and SC properties
of Ba(Fe;_,Co,),As; [21-32]. There are also NMR reports on
the nematic phenomena in their tetragonal phases [33-39]. The
in-plane anisotropy was reported to appear in the tetragonal
phase of Ba(Fe,_,Co,),As, [33,34] and BaFe,(As;_.P)>
[35]. In BaFe,(As;_.P,), the orbital ordering of Fe 3d,, and
3d,, electrons was pointed out via the electric field gradient
(EFG) measurement [35]. Local nematic susceptibility was
studied from the electric quadrupole splitting under a strain
field in BaFe,As, [36]. From measurements of the nuclear
spin-lattice relaxation rate, glassy nematic fluctuations were
discussed in Ba(Fe;_,Co,),As, [37,38] and BaFe,(As_P,),
[39]. Thus NMR is useful to study the nematic phenomena.
However, the EFG measurement on Ba(Fe;_,Co,),As, with
a wide range of Co concentration has been insufficiently
made. A detailed EFG study is desired to understand the
nematic phenomena in the wide-range carrier number from
a microscopic point of view.

In this paper we have performed ’>As NMR measurements
on single crystals to investigate the in-plane anisotropy of the
electronic state in the wide Co range of Ba(Fe;_,Co,),As;.
We present the results of the in-plane anisotropy in EFG at the
75 As nuclear position in the wide 7' and x ranges. The results
show that the orbital order locally exists in the tetragonal phase
which includes the x ~ 0.08 superconducting sample without
structural and magnetic transitions. We discuss the relation
between the nematic behavior and lattice imperfection due to
the doped Co impurity and/or defects. In particular, we present
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FIG. 1. Temperature T versus Co concentration x phase diagram
of Ba(Fe,_,Co,),As, [9], where tetragonal-paramagnetic (Tetra-
Para), orthorhombic-paramagnetic (Ortho-Para), orthorhombic-
antiferromagnetic (Ortho-AFM), and superconducting (SC) phases
appear. The Tetra-Ortho structural, AFM, and SC transition tempera-
tures are denoted by T, Ty, and T, respectively. The contour plot of
the asymmetry parameter of the electric field gradient at the As site
n — 1o, where n obeys the Curie-Weiss law n = C, /(T —T,) + no
with the Weiss temperature 7, and constants C, and 7o, is also
displayed in the Tetra-Para phase (see text). The x dependence of
T, is presented with that of the Weiss temperature of Raman nematic

susceptibility x, T 140,411,

the Curie-Weiss behavior observed in the 7 dependence of the
asymmetry parameter of EFG 1 where the Weiss temperature
becomes zero at x. ~ 0.05.

II. EXPERIMENTAL PROCEDURE

Single crystals of Ba(Fe|_,Co,),As, utilized in the present
NMR measurement were grown by the self-flux method [42].
The Co concentration was estimated from comparing the c-axis
length measured by the x-ray diffraction with its x dependence
reported in Ref. [42]. The x = 0 sample, which was annealed
in vacuum at 800°C for 24 hours, exhibited the structural
transition at 7y = 143 K [12] slightly lower than the reported
temperatures [9,12]. The as-grown x = 0.02 and 0.05 samples
were confirmed to have Ty ~ 100 and 60 K, respectively,
whereas the x = 0.08 sample exhibited no structural and AFM
transitions, and only a SC transition at 7, = 23 K [34].

"As NMR measurements were made on the
Ba(Fe;_,Co,),As, single crystals using a conventional phase-
coherent pulsed NMR equipment with a superconducting
magnet of a magnetic field Hy = 7.6966, 7.6999, or 7.7023 T.
A two-axis goniometer was utilized to rotate the single crystals
in the magnetic field. The Fourier-transformed (FT) NMR
spectrum was obtained by superposing FT spectra measured
for a spin-echo signal step-by-step as a function of the NMR
frequency. An 7> As nucleus has the nuclear spin / = 3/2 and
the gyromagnetic ratio y = 2w x 7.2919 MHz/T. Each single

crystal with typical size of 2.0 x 2.0 x 0.1 mm? was inserted
into an NMR coil where no glue pasting it to the sample
holder was utilized to avoid the orthorhombic distortion due
to the external stress. This stress is confirmed to come from
the difference in the thermal dilatation coefficient between the
sample and the glue [43,44].

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. NMR spectrum
1. B3F62A82

Figure 2(a) shows the >As NMR spectra at 135 K in the
orthorhombic AFM phase and at 150 K in the tetragonal
paramagnetic phase with Hj parallel to the Fe-As direction
within the ¢ plane in the BaFe;As; single crystal. In this paper
the direction of the Fe-As bond projected on the ¢ plane (the
tetragonal at axis or [110] direction of the orthorhombic unit
cell) is described as the Fe-As direction. The NMR spectrum
has center and two satellite lines split by the electric quadrupole
interaction in the tetragonal paramagnetic phase, whereas it
moves to a high frequency in the orthorhombic AFM phase.
Furthermore, each satellite line is split into two spectra, A and
B, with tilting Hj from the Fe-As direction (the azimuthal angle
¢ = 45°) in the ¢ plane as seen in Fig. 2(b) which shows the
¢ dependence of the NMR spectrum in the ¢ plane at 135 K.
Here ¢ is the angle of Hy measured from the Fe-Fe direction
in the ¢ plane.

In general, the resonance frequency of the m<>m — 1
(m=1,1—-1,...,—1 + 1) transition in an effective field He¢
is expressed in the first-order perturbation of the electric
quadrupole interaction as [23,45]

Vnem—1 = LHeff + va m — l (3cos?0 — 1
2 2 2

+ 1sin®0cos2), (D

where the angles 6 and ¢ are the polar and azimuthal angles
of Hes, respectively, in the xyz principal coordinate system
of the EFG tensor. Also vp (= |v;| = |vy + v,|) is the nuclear
electric quadrupole frequency where v, = 3eV,, Q/[21(21 —
Dh] (¢ = x,y,z) with a principal component of the EFG
tensor Voo (|Vixl < 1Vyy| < |V,.]), the elementary charge e,
the nuclear quadrupole moment Q, and the Plank’s constant
h. Also n is the asymmetry parameter of EFG defined as
n = [vx — vyl/lve].

In the AFM phase, the orthorhombic structure (space group
Fmmm) requires that the a, b, and ¢ axes are the principal
axes of the EFG tensor. In Eq. (1), Heg is expressed as Heg =
Vv HZ + H2 with the internal field H;, parallel to the ¢ axis,
mainly the transferred hyperfine (TH) field coming from the
nearest-neighbor (nn) Fe magnetic moments which form the
stripe-type AFM order along the a axis [23]. The ¢ dependence
of the nuclear electric quadrupole splitting §v = (V326172 —
V_1/2-3/2)/2 with Hy rotated in the ¢ plane at 135 K is shown
in the inset of Fig. 2(b). Here dv is expressed as

8v = 1vp(3cos’d — 1 + nsin®Ocos2e). )
The experimental ¢ dependence of |§v| is well reproduced by
Eq. (2) with H;, = 0.82 T, vp = 2.203 MHz, n = 0.824, and

174507-2



In-PLANE ANISOTROPY OF THE ELECTRIC FIELD ...

PHYSICAL REVIEW B 97, 174507 (2018)

L
T T T T/ T T T

Ho /I Fe-As

_:‘:? (a) BaFe2As2 H
C =
= T =150K o = 7.6999T
£
S satellite center satellite
2 Intensity /10
(2]
c
2
£
x T =135K
=
z satellite . center satellite
mg _A _L
550 554 562 566 574 578
Frequency (MHz)
(b) T=135K § 20
@ =
_..é. ;1.0
S © B .
8 005206 40
T d(°)
2| 6= . satellite
@ | g5 satellite center Holl Fe-As
2
£
x| 27°
=
S
ol 9
ﬁ< 0° A B Holl Fe-Fe
54 55 56 57 58 59
Frequency (MHz)
() T=150K
satellite lines
)
HIEPAN
S o
_e' 45 A
8
2 36°
‘©
C
Q
o
e
=
z _L&o.A%__A;..__
(]
<C
§ iA__A___
0° A“B ‘i Holl Fe-Fe

550 551 552 553 574 575 576 57.7
Frequency (MHz)

FIG. 2. (a) "As NMR spectra with Hy (=7.6999 T) parallel to
the Fe-Fe direction at 135 and 150 K in the BaFe;As, single crystal.
Angle ¢ dependence of the NMR spectrum at (b) 135 and (c) 150 K
with H) rotated in the ¢ plane. Each satellite line is composed of two
Gaussian-like spectra A (red) and B (blue). The insets show the angle
¢ dependence of the nuclear electric quadrupole splitting |§v]| in the
¢ plane.

z || c as presented by the solid curves in the inset. Note that the
angles 6 and ¢ of H¢ is governed by Hy due to the small value
of Hiy/Hy = 0.11. Thus the presence of the A and B spectra
is ascribed to the orthorhombic twin structure. These results
agree with the previous report [23].

On the other hand, in the tetragonal paramagnetic phase
(space group 14/ mmm), the tetragonal symmetry requires that
n = 0 corresponding to no ¢ dependence of v in the tetragonal
c plane, x and y are located in the ¢ plane, and z || ¢. However,
the lower and upper satellite lines show the ¢ dependence with
H rotated in the ¢ plane at 150 K as shown in Fig. 2(c). Each
satellite spectrum is fitted by the summation of two spectra
A and B which are assumed to have the Gaussian-like shape
observed for Hy parallel to the Fe-As direction, because the A
and B spectra become one spectrum for Hy || Fe-As as seen
in Fig. 2(c). In this fitting, the central NMR frequency is a
fitting parameter with keeping the same intensity and the same
spectrum width of the Fe-As direction for the two spectra.
The inset of Fig. 2(c) shows the ¢ dependence of |§v| for
the A and B spectra. In a paramagnetic phase, the angles 6
and ¢ in Eq. (2) are the polar and azimuthal angles of Hj,
respectively, in the xyz principal coordinate system of the EFG
tensor. The ¢ dependence of |§v| is well reproduced by Eq. (2)
with vy = 2.39 MHz and 5 = 0.025 as seen in the inset of
Fig. 2(c). The vg value is consistent with the reported result
[23,35]. The nonzero 1 value in the ¢ plane clearly shows that
the C4 symmetry is locally broken in the tetragonal phase of
BaFe;As,. Also the two spectra, A and B, come from two
local orthorhombic regions with the local symmetry axes, a
and b, perpendicular to each other in the microscopic scale.
However, they form the tetragonal crystal structure with the
symmetry axes, ar and br, parallel to the Fe-As directions in
the macroscopic scale.

Recently, Niedziera et al. carried out the pair distribution
function (PDF) analysis for the neutron scattering data in the or-
thorhombic AFM phase of BaFe,As,; [46]. They point out that
the nematic order results in the local atomic structure signifi-
cantly different from that of the average structure in the c plane.
Based on this local structure, they propose a nanotwin model
which locally affects the alignment of the AFM moments dif-
ferent from the stripe-type order in the AFM phase. An As site
has Hj, via the TH interaction between the As nucleus and its
four nn Fe magnetic moments. In this model, there are locally
some arrangements of the Fe magnetic moments parallel or
antiparallel to the a axis such as the AFM1-type (stripe-type)
arrangement and the AFM2-type arrangement where one Fe
moment in the AFM1-type arrangement is inversed as shown
in the inset of Fig. 3. Among the arrangements, the AFM 1-type
arrangement provides Hj, parallel to the ¢ axis, whereas the
AFM2-type one leads to a component of Hj, in the ¢ plane.
For the AFM2-type arrangement, we can calculate the NMR
frequency v from the resonance condition v = ﬁ|H0 +

H;,| where Hiy = Y5 AYM; = 2M(AM AN AM) with the
components of the TH coupling tensor, AM = 0.66 T/ug
and A2£ = 0.43 T/up [23], and the Fe magnetic moment of
M = 1.04 ug parallel to the a axis (Fe-Fe direction) [46]. Here
we assume as AM =0 and 0.43 T/up, because there is no
available value of A . Thus the AFM2 spectrum has to appear
around v = 64 or 68 MHz in addition to the AFM1 spectrum

observed at ~57 MHz as shown in Fig. 3 which presents the

174507-3



TOYODA, ICHIKAWA, KOBAYASHI, SATO, AND ITOH

PHYSICAL REVIEW B 97, 174507 (2018)

BaFe:As2 T =50K H,llFe-As

2 Ho=7.7023 T
S AFM1
s ! ! AFM2
8 o | &
= AAs 4 | . [
2 > t
[0) Fe A A
S
e
= Al=0T/us  A%=0.43T/us
Z .
<

| | | |

55 60 65 70
Frequency (MHz)

FIG. 3. 7> As NMR spectrum at 50 K with Hy (=7.7023 T) parallel
to the Fe-As direction in BaFe,As,. The inset shows the local AFM1-
type (stripe-type) and the AFM2-type arrangements for the nearest-
neighbor four Fe moments (blue arrows) of the As site with the internal
field denoted by the red arrows. The red solid and dashed spectra are
calculated spectra with the electric quadrupole splitting for the local
AFM2-type arrangement within a model of the magnetic structure
[46] in the antiferromagnetic phase (see text).

7> As NMR spectrum at 50 K with Hy (=7.7023 T) parallel to
the Fe-As direction in the ¢ plane. The calculated spectra with
the electric quadrupole splitting are convoluted by a Gaussian
with full width at half maximum (FWHM) of 0.3 MHz and the
ratio of AFM2 to AFMI is assumed to be 1:4 as discussed in
Ref. [46]. Observation of no AFM2 NMR spectrum indicates
that the present NMR result does not support the proposed
model.

2. Ba(Fe;_,Co,),As,

Figure 4 shows "As NMR spectra at 150 K with H,
parallel to the Fe-As direction in the tetragonal phase of
Ba(Fe;_,Co,),As; with x = 0.02,0.08, and, for comparison,
x = 0. The Co doping induces the increase in spectrum width

Ba(Fe1.«Cox)2As:2 Holl Fe-As

T =150K

"As-NMR Intensity (arb. units)

54 55 56 57 58 59
Frequency(MHz)

FIG. 4. ”As NMR spectra with Hy = 7.6999 (x = 0 and 0.08)
or 7.6964 T (x = 0.02) parallel to the Fe-As direction at 150 K in the
Ba(Fe;_,Co,),As; single crystals.
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FIG. 5. Schematic local configuration of the As00, AsO1, and As1
sites around a Co atom projected on the ¢ plane in Ba(Fe;_,Co,),As;.
The symbols As00, AsO1, and As1 represent the As sites with no Co
atom at the nearest-neighbor (nn) and next-nearest-neighbor (nnn)
Fe sites, no Co at the nn Fe sites and one Co at the nnn Fe sites,
and one Co at the nn Fe sites, respectively. The blue arrows represent
the direction of the x or y principal axis of the EGF tensor at the
As00 site, whereas the green ones denote the direction of the z axis
at the Asl site. The a, b, and ¢ axes are the orthorhombic axes in the
microscopic scale, whereas ar, br, and ct are the tetragonal axes in
the macroscopic scale.

of both the center and satellite spectra. In addition to the
main center line, two weak center lines appear at ~55.9 and
~56.5 MHz. The main center line stems from the As site with
no Co at the four nn Fe sites, AsO, as seen in Fig. 5 which
schematically shows the As sites around a Co atom, whereas
the additional lines come from the As site with one Co, Asl,
as reported by Ning et al. [27]. The spectrum intensity ratio
of AsO to Asl is reproduced by the binominal distribution
4Cux™(1 — x)*™" for n = 0 and 1 where n is the number of
the Co atom occupying the nn four Fe sites.

We present the upper satellite lines coming from the AsQ
site of the x = 0.02 sample at 110 K and the x = 0.08 sample
at 50 K with H, parallel to the Fe-Fe and Fe-As directions
in Fig. 6. Each satellite is decomposed into several spectra,
because the AsO site is split into the AsOn sites with n (=
0-8) Co atoms at the eight next-nearest-neighbor (nnn) Fe
sites as displayed in Fig. 5. By assuming that the number
of the AsOn sites may obey the binominal distribution of
gCpx"(1 — x)37", the ratio of As00:As01:As02:As0n (n > 3)
is evaluated as 85:14:1:0 for x = 0.02 and 51:36:11:2 for
x = 0.08 [33,34]. Furthermore, we assume that the AsO0
spectrum may be split into two spectra as observed inthe x = 0
sample. Also the others AsOn (n > 1) are assumed not to be
split, because several configurations around a Co impurity lead
to the inhomogeneous spectrum broadening behind which a
spectrum due to each configuration is hidden. By fitting the
spectra to the summation of Gaussians, the satellite spectrum
of x = 0.02 can be traced by the two As00, A (red) and B
(blue), and one AsO1 (gray) Gaussians as seen in Figs. 6(a)
and 6(b), whereas the spectrum of x = 0.08 is composed
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FIG. 6. "> As NMR upper satellite lines coming from the AsO site,
which has no Co atom at the four nearest-neighbor Fe sites, with Hy
parallel to the Fe-As and Fe-Fe directions for (a), (b) x = 0.02 at
110 K, and (c), (d) x = 0.08 at 50 K in the Ba(Fe,_,Co,),As, single
crystals. Each line is composed of spectra from the As00 (red and
blue), AsO1 (gray), and As02 (yellow) sites with no, one, and two Co
atoms, respectively, at the eight next-nearest-neighbor Fe sites among
the AsO sites. Note that the red and blue spectra are overlapped in the
As00 spectra with Hy parallel to the Fe-As direction in (a) and (c).

of two As00, A (red) and B (blue), one AsOl (gray), and
one As02 (yellow) Gaussians as seen in Figs. 6(c) and 6(d).
Here note that the two AsOO spectra A (red) and B (blue)
are overlapped for Hy parallel to the Fe-As direction. Thus
the As0O spectrum is traced by the two Gaussians in each spec-
trum of the x = 0.02 and 0.08 samples. This shows that there
are locally two orthorhombic regions in the Co-doped system
Ba(Fe;_,Coy),As; as well as in BaFe,As,. The presence of
the two regions is reported for BaFe,(As;_Py)» [35].

Figure 7(a) shows the ¢ dependence of the "> As lower and
upper satellite lines at 110 K with Hj rotated within the ¢
plane in the tetragonal phase for the x = 0.02 sample. The
¢ dependence of |§v| is shown for each As00 satellite line
in the inset of Fig. 7(a). From the analysis of the |§v| data
based on Eq. (2), we obtain vy = 2.31 MHz and = 0.071 for
x = 0.02. On the other hand, |§v| of the AsO1 satellite spectrum
empirically obeys the relation, |§v| = §vg — dvicosd¢ with
constants vy = 1.466 MHz and §v; = 0.030 MHz, as seen in
the inset of Fig. 7(a). This AsO1 spectrum comes from As nuclei
at the eight AsO1 sites around a Co atom in one orthorhombic
domain (see Fig. 5). Since an As nucleus at each AsO1 site has
a different NMR frequency governed by its local symmetry
and dependent on the direction of Hj, the AsOl spectrum is
the superposition of the eight spectra. In the single-impurity
model, if the z axis of the EFG tensor is parallel to the ¢ axis, v
for the center of gravity in the AsO1 spectrum is expressed as

8
Sy = ]I_g Z{—l + ncos(2¢ — ¢o )}, 3
=1

where ¢g ;j(j = 1-8) is the angle between the a or b axis
and the direction from the Co atom to the jth AsOl position
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FIG. 7. Angle ¢ dependence of the 7> As lower and upper satellites
with Hj rotated in the ¢ plane for (a) the Ba(Feg95Co0¢ 02)2As; single
crystal at 150 K and (b) the Ba(Fe( 9,Cog 03), As; single crystal at 50 K.
The AsO spectrum coming from the Co site with no Co atom at the
four nearest-neighbor (nn) Fe sites is decomposed into two Gaussians
denoted by the red (A) and blue (B) curves. On the other hand, the
As01 (As02) spectrum comes from the AsO1 (As02) site with no Co
at the four nn and one (two) Co at the eight next-nearest-neighbor Fe
sites. The insets show the angle ¢ dependence of the nuclear electric
quadrupole splitting |5v| for the As00, AsO1, and AsO2 spectra. The
red and blue curves are the results of fitting the experimental data
of the AsOO spectra to Eq. (2). The gray curves are the results of
fitting the data of the AsO1 spectrum to the phenomenological relation
|[§v] = 8vy — §v cosd¢ with constants dvy and Sv;.
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FIG. 8. (a) Angle ¢ dependence of the 7> As center lines with H,
rotated in the ¢ plane at 110 K in the Ba(Fe(93Co0¢02)2As, single
crystal. The symbol Asl represents the center lines coming from the
Asl sites with one Co atom at the four nearest-neighbor Fe sites.
Angular dependences of the NMR frequency with H, rotated (b) in
the ¢ plane and (c) from the c¢ axis to the Fe-As direction (in the bt
plane). The solid curves are results of fitting the data to Eq. (4). Also
Ocr (B,) is the angle of Hy measured from the ar (cr) axis in the
cr (br) plane. (d) Local square pyramid containing the Asl site. The
arrow represents the direction of the z component of the electric field
gradient tensor V.

projected on the ¢ plane. Furthermore, by taking account of
two orthorhombic domains with the local a and b axes different
from each other, we obtain |[§v| = vy due to the cancellation
of the angular term in the superposition of the satellite spectra
coming from As nuclei at the 16 As01 sites. This is consistent
with the observed |§v| having the dominant constant term §vy.
The weak angle dependence may be ascribed to deviation from
the direction assumed for the z principal axis of the EFG tensor,
unbalance between two orthorhombic domains, and so on.
For the x = 0.08 sample, we obtain vy = 2.21 MHz and
n = 0.114 from the analysis of the ¢ dependence of |§v| for
the As00 spectrum in Fig. 7(b) which shows the ¢ dependence
of the ">As lower and upper satellite lines at 50 K with Hy
rotated within the ¢ plane. The AsO1 spectrum roughly shows
the weak angle dependence of |§v| with vy = 1.354 and §v; =
0.016 MHz as well asinthe x = 0.02 sample as seen in the inset
of Fig. 7(b). The complicated angle dependence is observed for
the AsO2 spectrum, because many As02 sites having two Co
atoms at the nn Fe sites contribute to the As02 spectrum.
Thus we can reasonably identify the satellite NMR spectrum
and monitor the nematic behavior via the angle dependence of
the AsO0 satellite spectrum. The present results clearly show
that there is the breaking of the C4 symmetry in the wide

Co range at least up to x = 0.08 in the tetragonal phase of
Ba(Fe_,Co,),As,.

The As1 site provides the two additional center lines at 110
Kin Fig. 8(a) which shows the ¢ dependence of the center lines
with Hy(= 7.6999 T) rotated within the ¢ plane inthe x = 0.02
single crystal. The ¢ dependence of the NMR frequency in the
¢ plane is displayed in 8(b), whereas its 6 dependence with H
rotated from the ¢ axis to the Fe-As direction (¢ = 45°) is dis-
playedinFig. 8(c). The little splitting in the As1 center line may
be due to the slight misalignment of Hj and the average value of
the splitting is plotted in Figs. 8(b) and 8(c). As seen in Fig. 5,
the As1 site with one Co atom at the four nn Fe sites is expected
to provide two NMR spectra with Hy rotated in the ¢ plane (0 =
90°) and three ones with Hj rotated from the ¢ axis to the Fe-As
direction (¢ = 45°). For I = 3/2, the resonance frequency
of the center line with Hy rotated in the ¢ plane, vi/ .12,
is expressed in the second-order perturbation of the electric
quadrupole effect [47] in addition to the Knight shift [48] as

Vij2es—1/2 = Uo(l =+ kl,c'r =+ k2,cT Ccos 2061' + k3!CT sin ZQCT)

41% .
+ VI (Mey + Per€0820c, + 1oy sin26,,

+ U cO840,, + Ve sindh,, ), 4)
with
kicr = (Karar + Kprbr) /2.
ka.cr = (Karar — Konr ) /2,

k3,c—r = KaTbTv
1 2 Va ar Vb b 2 2
Rep = 19_2{9VCTCT - 14[<%) + VaTbT
2 2
- S(VaThT + VbTCT)}’
1
pUT = ﬁ[VCTCT(VaTaT - VbTbT) +4(V[72T¢T - Vaz-rc-[)]’
1
Fep = E( - VCTCT VaTbT + 4VcTaT VchT),
2
3 (VLITHT - VbTbT) 2
Uer = 75 —_Vab s
32 4 ToT
VUep = _i(vura'r - VbTbT)VaTbTv

where vy = y Hy/2m, and Kog (o, B = ar, br, cr) and Vg are
components of the Knight shift and EFG tensors, respectively,
in the tetragonal arbrcr coordinate system introduced to sim-
ply express Eq. (4) (see Fig. 5). Also 6.,.(= ¢ — 45°) is the an-
gle between the tetragonal ar axis and Hj. The equations for the
other two rotations are obtained by cyclic permutation of ar,
b, and ct. We can fit the experimental data to Eq. (4) without
taking the anisotropy of the Knight shift in account and obtain
the components of the Knight shift and EFG tensors in the
arbrcr coordinate system. After diagonalization of the tensors,
we obtain the isotropic Knight shift K, = 0.237%,vo = 14.9
MHz, and n = 0.63. The principal z axis with the angle 60°
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tilted from the ¢ axis is found to be approximately parallel to
the direction of the Co-As bond as displayed in Figs. 5 and 8(d).

The vy value of the Asl site is quite larger than those
of vp = 2-3 MHz reported for the AsO spectra [23,27,33].
This may be caused by the difference in charge amount at the
Asl site induced by the Co substitution. However, with Co>*
(3d”) doping in the background of the Fe?* (3d°), additional
electrons in the Fe (Co) layer are generally itinerant and con-
tribute to the chemical potential [49]. Thus the enhancement
of vy at the Asl site mainly stems from the change in the
local crystal structure rather than the local charge distribution.
We can conclude that the observed broadening of the center
and satellite AsO spectra is due to the effect of Co in the nnn
and more distinct Fe sites around the AsQ site, while the Asl
center line is strongly affected by one Co in the nn site in
Ba(Fe;_,Coy),As,.

B. Electric field gradient

We concentrate our attention on the electric field gradient
(EFG) of the As00 site in Ba(Fe;_,Co,),As,. As mentioned
above, the presence of 7 in the As0O satellite spectrum clearly
shows that there are locally two types of regions which have
the orthorhombic structure with the local symmetry axes
perpendicular to each other even in the tetragonal phase. This
means that the symmetry breaking from the C4 symmetry to
the C, symmetry locally takes place in the tetragonal phase.
This symmetry breaking is observed by the magnetization
measurement on a tiny crystal [11] and the electronic Raman
response [40,41] in no external stress, and the elastic resistivity
[1] and shear modulus Cgg [43,44] measurements in external
stress. The precise structural analyses for BaFe, As, in the wide
T range through T using neutron diffraction indicates that the
orthorhombic distortion appears even in the tetragonal phase
[12]. From theoretical point of view, Inoue et al. numerically
showed that an impurity induces two types of fluctuating
local orbital order along the orthogonal Fe-Fe directions in
about 7a x 15a lattice [15]. Although the orbital fluctuation
generally has no contribution to 7, an internal stress due to
sample imperfection, sample edge, and so on may induce a
static local orbital order even in no external stress as observed
in BaFe;As,. This local orbital order is considered to be
driven by the doped Co impurity in Ba(Fe;_,Co,),As; as
discussed for BaFe,(As;_,P,), [35]. This is supported by
the NMR study on the 7As nuclear spin-lattice relaxation
rate 1/T; for Ba(Fe;_,M,);As; (M = Co and Cu), where
the 7 and x dependences of the distribution in 1/7; were
discussed on the basis of a random strain field due to the
disorder induced by atomic substitution [37,38]. More recently,
nematic susceptibility is discussed from the electric quadrupole
splitting which is observed to be induced by a strain field in
BaFezAsz [36]

Based on the T and x dependences of the EFG parameters,
we discuss their characteristics. Figure 9(a) shows the T de-
pendences of n and |v, — vp|/|v, + vp| in Ba(Fe;_,Co,),As,,
whereas the T' dependence of |v, + v,|(= vg) is presented in
Fig. 9(b). In BaFe,As;, n gradually increases with decreasing
T in the tetragonal phase, obeying the Curie-Weiss (CW) law
n = C,/(T — T,) + no with the Weiss temperature 7, and the
constants C,, and n listed in Table I. Here the values of the CW

I
0.15-\\‘(a) N U ?1_0- © R stal)
s
t | Soqf
0.10} I
f 100 200 300
oy & Temperature (K)
0.05}f t .
0 f f 75: f f
(b) Ba(Fe1xCox)2As2
3.0F .
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: . 4x=0
>m i ’ X= 002 i
=20 ®x=0.05
®x=0.08
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FIG. 9. Temperature dependences of (a) the asymmetry parameter
of the electric field gradient n and (b) the nuclear electric quadrupole
frequency |v, + vy|(= vp) in Ba(Fe,_,Co,),As,. The inset shows
the temperature dependence of |v, — v,|/|v, + v,| where the data of
BaFe,As; in Ref. [23] are included. The solid curves in (a) represent
the results of fitting the experimental data to the Curie-Weiss law. The
solid curves in the inset and the dashed curves are guide to the eye.

parameters are obtained from fitting the 1 /1 data to the relation
1/n=[C,/(T —T,;)+ nol~". This result of n is consistent
with the CW behavior of dn/de measured under a strain €
[36]. The CW term may come from the mixing of the As4p
and Fe3d orbitals and be governed by nematic susceptibility,
whereas 19 may be ascribed to the charges outside the As ion
in concern. The analysis and discussion on the CW behavior
of the present n data of Ba(Fe|_,Co,),As, are presented with
the n data of NaFeAs and LiFeAs to systematically understand
the relation between 1 and nematic susceptibility of the Fe-
based superconductors in our recent paper [S0]. In particular,
n is shown to scale with the Raman nematic susceptibility

x2—y?

Xo [40] in BaFe,As,. After |v, — vp|/|v, + vp| rapidly

TABLE 1. Weiss temperature 7, and constants, C, and 1, ob-
tained by fitting the 1/ data, where 7 is the asymmetry parameter of
the electric field gradient, to the relation 1/ = [C, /(T — T,) + nol ™!
in the tetragonal phase of Ba(Fe;_,Co,),As,.

x c, K) T, (K) Mo

0 0.98 £+ 0.18 97 £ 8 0.0096 £+ 0.0020
0.02 2.4 £ 0.8 69 + 14 0.016 &+ 0.004
0.05 7.6 £ 1.0 —3.6 £ 4.0 0.013 &+ 0.006
0.08 12 £ 4 —72 £+ 33 0.017 &+ 0.009
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increases below T, it saturates toward 1.2, following an order
parameter of the nematic order, as seen in the inset of Fig. 9(a)
where the data below T reported by Kitagawa et al. [23] are
included for comparison. The value of |v, — v,|/|v, + Vp| OVer
one in the orthorhombic phase indicates that the principal
z axis changes to the a or b axis from the ¢ axis [23]. In
Ba(Fe;_,Co,)yAs; with x = 0.02, n gradually increases on
cooling to T, obeying the CW law with the parameter values
listed in Table I. It saturates to the value of 0.9 below T;
where the direction of the EFG principal axes at the As00
site remains unchanged. In the x = 0.08 sample with the SC
phase and no orthorhombic AFM phase,  obeys the CW
law as seen in Fig. 9(a). These characteristics of 7 in the
tetragonal phase of Ba(Fe;_,Co,),As; are more easily seen in
the contour plot of  — 19 as a function of 7' and x on the phase
diagram as seen in Fig. 1. The n monotonically increases with
increasing x and shows a maximum at low temperatures around
x ~0.08 in the x range of x < 0.08, whereas T, changes
from positive to negative signs at x. ~ 0.05 with increasing
x. This characteristic behavior of n is similar to the behavior
of nematic susceptibility obtained by the elastic resistivity
[3], electronic Raman scattering [40,41], share modulus Ceg
[43,44], and Yang’s modulus Y[110) [51,52] measurements on
Ba(Fe;_,Coy),As,. In particular, the x dependence of T,
agrees with that of the Weiss temperature in the Raman nematic
susceptibility, Ty, [40,41] (see Fig. 1) as discussed in Ref. [50].
This means that » may monitor nematic susceptibility in the
absence of a coupling to the elastic strain [52], although this
should be confirmed from a theoretical point of view. Thus, n
is concluded to be governed by the nematic susceptibility in
the tetragonal phase of Ba(Fe;_,Co,),As,. Also the critical
concentration x. at which n diverges at T = 0 K is consistent
with x, = 0.055, where the Weiss temperature of the Raman
nematic susceptibility 7 becomes zero, and is located near the
nematic quantum critical point in the SC phase xqcp estimated
by Raman response [53].

As seen in Fig. 9(b), |v, + vp| gradually decreases with
decreasing T in all the samples and is almost x independent.
This means that the carrier is almost not doped into the As

site by the Co doping, and is different from the behavior of v
in LaFeAsO;_s where vy is dependent on § as vo = 8.7,9.5,
and ~10 MHz for § = 0 with the absence of the SC transition,
0.25with T, = 20K, and 0.4 with T, = 28 K, respectively [54].
Based on these results, the vy value at the As site in the iron-
based superconductors is considered to be largely dependent on
their local structure and the valence state of ions surrounding
As. In summary, we can conclude that the nonzero value of the
EFG asymmetry parameter clearly 1 shows the local breaking
from the C4 symmetry to the C, symmetry and obeys the CW
law in the wide T and x region in the tetragonal phase of
Ba(Fe;_,Coy),As,.

IV. SUMMARY

We have made > As NMR measurements on single crystals
to study the in-plane anisotropy of the electric field gradient
at the As sites in Ba(Fe;_,Co,),As, with x = 0, 0.02, 0.05,
and 0.08. We observed NMR spectra coming from the As sites
with no, one, and two Co atoms at the nearest-neighbor Fe sites.
From the angular dependence of the electric field gradient at
the As0O site with no Co atom, we found that there is locally
the symmetry breaking from C, to C, even in the tetragonal
phase of all the samples and in a relatively wide temperature
range. The symmetry breaking was concluded to come from
the local orthorhombic domains induced by Co impurity, lattice
imperfection, and so on. The asymmetry parameter of the
electric field gradient n was found to obey the Curie-Weiss
law and was inferred to be governed by nematic susceptibility.
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