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A compound with large anions is known to show large compressibility, whereby a novel response may emerge
from the degenerated state by a uniaxial pressure. Neutron scattering study of BaCog¢Nig 1S9 crystal reveals
that the tetragonal insulating state has two magnetic domains with in-plane anisotropic antiferromagnetic wave
vectors Q; = (7, 0) and Q, = (0, 7). The magnetic order with in-plane broken C, symmetry is realized as
a twin of these two domains in the tetragonal state without any strain. One magnetic domain with Q, becomes
dominant under a weak strain without any appreciable structural distortion. Correspondingly, the in-plane broken
C, symmetry is also observed in the in-plane magnetic excitation of the tetragonal state.
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I. INTRODUCTION

Broken symmetries are sometimes hindered in a high-
symmetry state due to degeneracy. Such a state inevitably
accompanies with strong fluctuations, leading to intrinsic
novel properties different from the others. In the antiferromag-
netic (AF) stripe order on a two-dimensional layer, there can
exist two AF wave vectors Qq = (ir, 0) and Q, = (0, ), as
shown in Figs. 1(a) and 1(b), respectively [1]. In the case of
spins parallel to the a-axis, the former is that the spins align
normal to the ferromagnetic chain with AF wave vector of
Q;, which is observed in iron-based superconductor parent
compounds [2,3] [Fig. 1(a)]. The latter is that the spins align
parallel to the ferromagnetic chain with AF wave vector of
Q.. These in-plane anisotropic spin structures are intensively
discussed in the context of spin nematicity in a paramag-
netic state of iron-based superconductors [1]. In addition,
the two-dimensional (2D) layer with the nearest-neighbor
ferromagnetic interaction and the second-nearest neighbor an-
tiferromagnetic interaction can be regarded as 2D version of
a frustrated J; and J, magnetic chain, where multipolar spin
correlation may play an important role [4]. The discussions in
a 2D magnetic system, however, are so far limited in iron pnic-
tides [3] and the family compound KFey gAg; ,Te, [5,6]. The
stripe order has been studied theoretically [2,7,8] where a the-
oretical phase diagram of isotropic J; — J, model shows rich
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phases such as nematic quantum spin liquid next to the stripe
order [7]. Based on the inelastic neutron scattering (INS)
measurement of CaFe,As, [9], the in-plane first-nearest-
neighbor exchange coupling parameters SJ;, = 49.9 meV and
SJ1p = —5.7meV are strongly anisotropic in the orthorhom-
bic state weakly distorted from a tetragonal lattice. The strong
anisotropy is attributed to the degeneracy lifting of Fe 3d,,
and 3d,, orbitals below the tetragonal-to-orthorhombic phase
transition. The in-plane broken C; symmetry is apparently
hindered due to the equally distributed twin domains in the
tetragonal state, where the magnetic domains are supposed
to be inherently fluctuating [10]. When the tetragonal state
is weakly distorted to an orthorhombic state by a uniaxial
pressure, the lattice distortion leads to a manifestation of one
magnetic domain [11-13]. Such a domain change is observed
in BaFe;As, under a uniaxial pressure of ~0.7 MPa along the
b-axis [10]. It has also been observed in the inelastic neutron
scattering pattern as the intensity difference between (1, 0) and
(0, 1) in the (H, K) plane [12], where the in-plane anisotropy
has been confirmed even in the tetragonal metallic state under
a uniaxial pressure.

Here, we focus how the C, symmetry is broken in this
tetragonal insulating state of BaCo;_,Ni,S,_, with a two-
dimensional layered structure [14] as another novel interesting
platform where the AF stripe order emerges. All mag-
netic ordered states studied previously are in orthorhombic
state [3,5,6]. Contrasted to these previous compounds, the
present material exhibits the AF stripe order in the tetrag-
onal state. In addition, this class exhibits a metal-insulator
(MI) transition [15,16] as two-dimensional Mott transition
with multi-orbital state [14,17]. Especially, x =y = 0.1, i.e.,
BaCog9Nig 1S1.9 (BCNS) exhibits MI transition with increas-
ing temperature from a paramagnetic metal (PM) to an AF
insulator (AFI) [15,18-20] accompanied by a structural phase
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FIG. 1. Two types of stripe order structures in a two-dimensional
Cop9NipS;9 layer and magnetic exchange couplings. (a) Q; =
(mr, 0) observed in iron-based superconductor parent materials. The
magnetic moments (red arrows) align along the g-axis with the AF
wave vector of Q; in the two-dimensional square lattice. Three
exchange coupling parameters, Ji,, Ji, and J, are major parts for
the spin-wave calculation. (b) Q, = (0, 7). The magnetic moments
align along the a-axis with the AF wave vector of Q,. (c) Three-
dimensional view of the magnetic structure in panel (b). CoyoNig
(blue) is coordinated by a pyramid of five sulfur ions (yellow).
Coy9Niy; ions alternately buckle along the c-axis in the layer due to
the alternating buckling of apical sulfur ions. Uniaxial pressure is ap-
plied along b axis. The exchange coupling parameter SJ. is between
two Fe magnetic moments at equivalent sites in the neighboring unit
cells along ¢ axis.

transition. The PM phase disappears at a uniform pressure
of 280 MPa [18] associated with the large compressibility
owing to large anion (sulfur) atoms. The AF ordering takes
place at Néel temperature of 280 K above the tetragonal-to-
orthorhombic phase transition temperature (7;) at 185-235 K
that enables us to disentangle the magnetic domain change
and the structural transition, although its detailed spin con-
figuration has not been determined to be either Q; or Q;
because of the degeneracy in the tetragonal C4 symmetry. In
this work, we report that the Q, domain out of coexisting
Q; and Q, domains becomes dominant by applying a weak
in-plane uniaxial pressure of 1 MPa in the AFI phase of
BCNS. Our inelastic neutron scattering (INS) measurements
of the crystal at a weak uniaxial pressure of 1 MPa reveals a
characteristic in-plane anisotropy of magnetic excitation in the
tetragonal state. The magnetic excitation spectra are distinct
from those observed in detwinned BaFe,_ ,Ni,As, crystals
at uniaxial pressures [11,12]. The spectra of BCNS in the
insulator phase are described by a spin-wave model with Qq
and Q; domains, leading to the estimation of the exchange
couplings. Thus, it provides us quantitative information on
the magnetic excitation stabilizing the novel stripe order in
the tetragonal state. The three-dimensional view of the deter-
mined magnetic structure for the major Q, domain is shown in
Fig. 1(c).

II. EXPERIMENTAL PROCEDURES

Single crystals of BaCog¢Nip S, have been successfully
grown by the Bridgman method [21]. After cutting out

single crystals from an ingot, they were annealed at 1173 K
in a vacuum with a small amount of Zr metal in a sealed
quartz tube. The sulfur deficiency was determined as y =
0.12 in BaCoggNig S,—, from the weight loss after the
annealing.

Neutron scattering measurements of a BCNS crystal with
a weight of 0.75 g were carried out at uniaxial pressures using
the chopper spectrometer 4SEASONS [22] with a multi-E;
option [23] in J-PARC with a proton beam power of 500
kW. The magnetic tetragonal unit cell with four Co(Ni) atoms
have lattice parameters of ¢ =b = 6.43A and ¢ = 8.91A
at 200 K.

In the elastic neutron scattering measurement, the crystal
was rotated by 1° step from —38° to 42° in the scattering
plane of [100] and [001]. It took 70 s per each scan, resulting
in about 2 h in total. In the analysis, the measured intensity
was integrated in the four-dimensional space of |[H — Q,| <
02 rlu, [K— 0y < 02rlu, |[L—-0:]<02rlu, |E| <
10 meV. The uniaxial pressures were applied along the b-axis
by using a mechanical spring with P = 0.1 and 1 MPa. The
ingot crystal was fragile, limiting the pressure value to 1
MPa. The neutron Laue diffraction shows an in-plane mosaic
spread of 1.92 £ 0.06 degrees. In a tetragonal phase, a and b
axes are equivalent to each other. However, the spin direction
was uniquely determined to be preferentially along the a-axis
normal to the uniaxial pressure direction in our magnetic
structure analysis by FULLPROF software [24]. The nuclear and
magnetic structures in Fig. 1 were generated by VESTA [25].
Note that the tetragonal phase did not show any orthorhombic
distortion at the present weak uniaxial pressure within our
experimental accuracy.

In the inelastic neutron scattering measurement, the c-axis
of the crystal was set to be parallel to the incident beam
direction. In this setting, L in the reciprocal space of (H, K,
L) changes from 0.7 to 3.4 r.l.u. with increasing the transfer
energy (E) from 40 to 80 meV for E; = 120.0 meV, whereas
L increases from 1.6 to 3.7 r.l.u. with increasing E from 10
to 30 meV for E; = 54.1 meV. The index of the reciprocal
space is expressed only by the in-plane index (H, K), be-
cause of the high two-dimensionality of BCNS. H, K, and
L are in reciprocal lattice units (r.l.u.). The data were ana-
lyzed by using UTSUSEMI software [26]. Observed dynamical
structure factors were estimated on an absolute scale (mbarn
st~ meV~! Co™") by comparing the count rate with that from
a plate of vanadium. The detector efficiency depending on
E; was also corrected. The imaginary part of the dynamical
spin susceptibility was obtained by an equation for isotropic
paramagnet [27] including the Bose factor and the isotropic
magnetic form factor for Co®>*. Doped Ni was neglected for
INS measurements because of the similarity of Ni to Co in
addition to the small concentration of Ni. The spin exci-
tations were calculated by SPINW software [28] with a set
of exchange coupling parameters, which are the anisotropic
first-nearest-neighbor ferromagnetic interactions SJy,, SJip,
the second-nearest-neighbor AF interaction S/, and the ferro-
magnetic out-of-plane interaction SJ., based on the observed
magnetic structure. The calculation is based on the linear
spin-wave theory with the Holstein-Primakoff approximation.
The calculated scattering patterns were drawn by HORACE
software [29].
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FIG. 2. Temperature dependence of magnetic susceptibility,
in-plane lattice parameters, and magnetic peak intensity. (a) Tem-
perature dependencies of the field-cooled and zero-field-cooled DC
magnetic susceptibility (x = M/B) curves at an ambient pressure.
The peak appears at the Néel temperature 7Ty. A hysteresis is ob-
served in the mid-temperature range. (b) In-plane lattice parameters
estimated from 400 and 040 peaks at a uniaxial pressure of 1 MPa
along the b-axis. The tetragonal-to-orthorhombic phase transition
T; can be observed by the splitting of the peaks. Filled circles and
open circles denote cooling and warming processes, respectively.
(c) Temperature dependence of 102 magnetic Bragg peak intensity
obtained by the neutron diffraction measurement upon cooling at a
uniaxial pressure of 1 MPa along the b-axis. Below the structural
phase transition 7,° upon cooling, the intensity suddenly drops. The
solid line is a guide to the eye. The arrows denote the thermal
cycle directions. PM, AFI, and PI are the paramagnetic metal phase,
antiferromagnetic insulator phase, and paramagnetic insulator phase,
respectively.

III. RESULTS

A. Phase transitions and magnetic structures

Figures 2(a)-2(c) show the temperature dependence of
the physical properties of a single crystal BCNS. The mag-
netic susceptibility is accompanied by the sharp increase
at the first-order phase transition from PM to AFI phases
[Fig. 2(a)]. The transitions take place at 187 K upon cooling
and 220 K upon warming, accompanied by the orthorhombic-
to-tetragonal phase transition [Fig. 2(b)]. The temperature
dependence of a 102 magnetic Bragg peak [Fig. 2(c)] shows
a Néel temperature of 280 K, which does not shift by the
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FIG. 3. Observed nuclear Bragg peak intensities as a function of
calculated intensity. The measurement of BCNS crystal was carried
out at a uniaxial pressure of 1 MPa.

uniaxial pressure in the magnetic susceptibility measurement
of Fig. 2(a). The magnetic excitation at the uniaxial pressure
was measured by INS in the tetragonal AFI phase at 200 K
upon cooling well above the structural phase transition at
187 K. In the PM phase at low temperatures, the magnetic
Bragg peaks were weak [Fig. 2(c)]. The spin excitation also
disappeared at 7 K.

Nuclear structure of BCNS at a uniaxial pressure of 1 MPa
at 200 K upon cooling was analyzed. The integrated intensities
of 20 reflections were refined with an orthorhombic space
group (Cmme, No. 67) with lattice parameters a = b = 6.43 A
and ¢ = 8.91 A. Observed nuclear Bragg peak intensities are
shown in Fig. 3 as a function of calculated intensity. The
refined crystallographic parameters are listed in Table 1. The
nuclear structure parameters are almost consistent with the
reported values [30].

Magnetic structures were analyzed at uniaxial pressures
of 0.1 and 1 MPa. Although it was a tetragonal state, the
analyses were performed as an orthorhombic state due to
magnetically broken C4 symmetry. For the magnetic structure
analysis, integrated intensities of 16 reflections were refined
with twin models, where the isotropic magnetic form factors
of Co?* and Ni** were used. In the previous analysis, the
magnetic moments of BCNS were found to align within the
(Co,Ni)S plane [14], where the magnetic moment direction in
the plane could not be determined due to the degeneracy in the
tetragonal state. Based on the result, the following four types
of magnetic structures are considered: two types of magnetic
wave vectors, Qq (k =[1, 0, 0]) and Q; (k = [0, 1, 0]), and
two spin directions, m//a and m//b. After these refinements,
the possible spin rotation in the plane was checked. Two of
these four magnetic structures form a twin, leading to two
twin models. The first twin model consists of two magnetic
domains of Q; with m//a and Q, with m//b. The second twin
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TABLE I. Crystallographic parameters and conventional reliability factors (R factors) obtained from the structural refinement of BCNS,

with a space group of Cmme, No. 67 at a uniaxial pressure of 1 MPa. Standard deviations are shown in the parentheses at the corresponding
digit.

a=0b=6433+0.002 A, c = 8.914 +0.006 A

Element Site X y z B, (fix) g(fix)
Ba 4g 0.000 0.250 0.798(3) 0.500 1.00
Co 4g 0.000 0.250 0.399(7) 0.500 0.90
Ni 4¢g 0.000 0.250 0.399(7) 0.500 0.10
Sy 4g 0.000 0.250 0.161(7) 0.500 0.88
S, 4b 0.250 0.000 0.500 0.500 1.00

Nuclear reflections: Rp2 = 11.5% and R = 5.61%

model consists of two magnetic domains of Qq with m//b and
Q; with m//a. The only difference between these twin models
is the spin direction.

At 0.1 MPa, integrated intensities of 16 reflections at 240 K
upon warming were refined with the orthorhombic twin mod-
els. Those refined results are shown in Figs. 4(a) and 4(b),
where the twin ratios are also refined. The second model in
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FIG. 4. Observed magnetic Bragg peak intensities at uniaxial
pressures of 0.1 and 1 MPa as a function of calculated intensity upon
cooling. (a) A twin model of two magnetic structures of Q; with
m//a and Q, with m//b at 0.1 MPa. The twin ratio of these was
refined as 0.44(10) to 0.56(10), respectively. The magnetic moment
per CogoNip; was 2.14 £ 0.13 pp. The conventional reliability fac-
tor Rp was 18.3%. (b) A twin model of two magnetic structures of Qy
with m/ /b and Q, with m//a at 0.1 MPa. The twin ratio of these was
refined as 0.48(5) to 0.52(5), respectively. The magnetic moment per
Cog9Nig; was 2.13 = 0.06 wp. The conventional reliability factor Ry
was 9.38%. (c) A twin model of two magnetic structures of Q; with
m//a and Q, with m//b at 1 MPa. The twin ratio of these was refined
as 0.38(10) to 0.62(10), respectively. The magnetic moment per
CopgNig; was 2.34 +0.15 wg. The conventional reliability factor
Rr was 19.7%. (d) A twin model of two magnetic structures of Q;
with m//b and Q, with m//a at 1 MPa. The twin ratio of these was
refined as 0.41(4) to 0.59(4), respectively. The magnetic moment per
Cog9Nig; was 2.33 = 0.06 wp. The conventional reliability factor Rg
was 8.54%.

Fig. 4(b) is much better than the first one in Fig. 4(a). The
small Ry value of 9.38% confirms nearly equal ratio 52 + 5%
of a magnetic domain of Q, with m//a to the other of Qy
with m//b. At 1 MPa, integrated intensities of 16 reflections
at 200 K upon cooling were refined with the orthorhombic
twin models. Those refined results are shown in Figs. 4(c)
and 4(d). The second model in Fig. 4(d) is much better than
the first one in Fig. 4(c) again. This result shows that the
magnetic domain of Q with m//a increases from 52 £ 5% to
59 + 4% with increasing the uniaxial pressure. The magnetic
moment direction may rotate from the a axis to some extent.
Possible spin rotations in the plane were checked by using
the twin models. For example, a positive 7 /6 spin rotation
(anticlockwise) resulted in 25.0% of Ry, whereas a negative
7 /6 spin rotation (clockwise) resulted in 29.8% of Rr. These
much worse Ry values than 8.54% confirm that the magnetic
moments preferentially align around the a axis in the major
domain of Q.

Although the integrated intensities are scattered with large
error bars in Fig. 4, the clear difference between the two
twin models is obvious especially at the low calculated in-
tensities. The reason for data scattering may be attributed to
the coarse rotation step in the crystal measurement and the
isotropic magnetic form factors used in the analyses. The peak
intensities near the detector edges were removed due to the
uncertainty. The neutron absorption effect in the aluminum
folder was neglected in these analyses.

The domain ratio change by the uniaxial pressure supports
that the orbital degeneracy of zx and yz orbitals is lifted even
in this AFI phase, leading to the modification of exchange
couplings. The obtained nuclear structure with the main mag-
netic structure at the uniaxial pressure is shown in Fig. 1(c).
Note that the dominant magnetic wave vector in both two twin
models was Q,, corresponding to the observed anisotropic
inelastic neutron scattering pattern, regardless of the spin
directions.

The structural phase transition of BCNS takes place from
tetragonal to orthorhombic phases in the temperature range
from 185 to 235 K. Accordingly, orthorhombic 400 Bragg
peak splits into two peaks. When the peaks are fitted by
two Gaussian peaks, the two peak heights become a good
measure of the transition. Figure 5 shows the temperature
dependence of the two peak heights at 400 and 040 under
uniaxial pressures P = 0.1 and 1 MPa upon cooling. The
transition temperatures increased by 2.8(9) K and 3.8(9) K
with increasing the uniaxial pressure for the original peak in

013169-4



BROKEN C, SYMMETRY IN THE TETRAGONAL STATE ...

PHYSICAL REVIEW RESEARCH 3, 013169 (2021)

T 19 ¢ [ ® ¢

1 e I s °
; L
©
=
© ey
& $
o B 60 ‘
0 0.5 é , P + .
: =
4 50 60 70
E Orthorhombjc no‘n-magnetic
T domain ratio (%)
=
[®]
Z |

O | 1 Il

140 160 180 200 220 240

T(K)

FIG. 5. Temperature dependence of nonmagnetic domain ratio
under uniaxial pressures P = 0.1 (black open and closed circles) and
1 MPa (red open and closed circles). The temperature dependences
are fitted by a tanh function and a cubic polynomial to estimate the
transition temperatures. The transition temperature increased at 1
MPa from that of 0.1 MPa. Inset shows the observed relationship
between the orthorhombic nonmagnetic domain ratio and the tetrag-
onal magnetic domain ratio of Q, with m//a at the same uniaxial
pressure.

the tetragonal phase and the new peak in the orthorhombic
phase, respectively. This increasing shift is opposite to the
decreasing shift of transition temperature measured at uni-
form pressure [18]. These nonmagnetic domain ratios in the
orthorhombic phase were 56.6 &+ 4.6% and 65.2 +4.5% in
the whole volume at 7 = 140 K for 0.1 and 1 MPa, respec-
tively (Fig. 5). However, according to the magnetic structure
analysis, the magnetic domain ratios of Q, with m//a in the
tetragonal phase were 52 4+ 5% and 59 &= 4% at the uniaxial
pressures of 0.1 and 1 MPa, respectively. These magnetic
domain ratios are surprisingly similar to the nonmagnetic do-
main ratios in the orthorhombic phase, although the tetragonal
values are slightly smaller than the orthorhombic values as
shown in the inset of Fig. 5.

B. Magnetic excitation under a uniaxial pressure

Magnetic excitation spectrum was measured at 7 = 200 K
upon cooling under a uniaxial pressure of 1 MPa. Figure 6
shows constant-energy cuts of dynamical structure factor
S(Q, E) along H and K. The vertically integrated width is
40.3 r.l.u. Figure 7 shows constant-Q cuts of S(Q, E) at zone
boundaries. Although the data are scattered in Fig. 7, three
peaks are expected in the twin model based on the spin-wave
calculation. The first one is the lowest-energy peak at 53 meV
in Fig. 7(a). The second one is the middle-energy peak at
about 59 meV in all the three figures in Figs. 7(a), 7(b) and
7(c). The last one is the highest-energy peak at about 70 meV
in Figs. 7(b) and 7(c). Note that these peak energies observed
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FIG. 6. Constant-energy cuts of dynamical structure factor
S(Q, E) along H and K at a uniaxial pressure of 1 MPa. Two equiv-
alent data sets in the (H, K) plane were averaged and symmetrized,
based on the C; symmetry. The intensities are integrated in 0.3 r.L.u.
along the normal direction to the corresponding scan direction of H
or K. E; is 54.1 meV for E = 10, 20, and 30 meV, whereas E; is
120.0 meV for the other energies above 30 meV.

at constant-Q scan are smoothly connected to the dispersions
observed by constant-E scans.

The L-dependence of inelastic scattering intensity is shown
in Fig. 8, where the transfer energy also increases with in-
creasing L due to the scattering geometry of a single scan. The
continuous intensity along L direction in Fig. 8(b) suggests
that the spin-wave dispersion is lower than the energy in
Fig. 8(a). As for the other reciprocal directions in Fig. 8(b), the
dispersion sharply increases like a chimney in this low energy
range. Based on the magnetic structure in Fig. 1, the exchange
interaction between the equivalent sites along the ¢ axis, J,,
is ferromagnetic. Therefore, the spin-wave dispersion along L
is expected to be a sine function, increasing from L = 0 and
becoming maximum at L = 0.5. Then, we can conclude that
the gap energy is less than 2 meV at L = 0. The maximum
energy is below 5 meV at (0, —1, 0.5).

Because of the small gap below 2 meV at L =0, the
four exchange parameters multiplied by S, SJi4, SJ1p, SJo,
and SJ, [Fig. 1(a)], are considered in the spin-wave model
without a gap. Based on the magnetic structure in Fig. 1(c), the
exchange interaction between the equivalent sites along the
c-axis, J, is ferromagnetic. The maximum energy at L = 0.5
leads to a lower limit of -0.06 meV on SJ. based on our
spin-wave calculation. The highest energy at (1, 0.5) reaches
about 70 meV. Based on the high zone-boundary energies in
Fig. 7, the exchange parameters of S(Ji, + J15)/2 and SJ,
were estimated as -3.5 and 14.0 meV, respectively. SJ, deter-
mines the average energy scale of the spin-wave dispersions,
whereas S(Ji, + Ji)/2 corresponds to the splitting energies
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FIG. 7. Constant-Q cuts of dynamical structure factor multiplied
by E, S(Q, E) x E, at zone boundaries at a uniaxial pressure of 1
MPa. Intensities were subtracted by those at (1, 1) as background.
(a) Zone boundary energies at (0.5, 0) were estimated as 53.0 £ 0.7
and 58.4 0.3 meV from the fit with a fixed full-width at half
maximum of 3 meV. (b) Zone boundary energies at (0.5, 1) were
59.5+£0.8, and 69.5 = 1.1 meV. (c) Zone boundary energies at (1,
0.5) were 58.6 + 0.5, and 70.5 + 1.4 meV. Because of the twin
model with C; symmetry, these peak energies at (1, 0.5) are expected
to be the same as those at (0.5, 1). Based on these energies, basic
spin-wave parameters S(Jy, + J15)/2 and SJ, were determined. The
solid lines are guides to the eye with expected intensity ratio from
the spin-wave calculation.

of the branches at the zone boundaries in Fig. 7. The in-plane
anisotropy of SJ; was sensitive to the energy gap of about
25 meV at (1, 0). Without S/, the in-plane excitation becomes
isotropic.

The estimated exchange parameters are SJ;, = —4.3 +
0.5meV, SJip =—-27+0.5meV, S/, =14.0+0.5meV,
and 0> SJ. > —0.06meV. The errors correspond to
the uncertainty of the peak positions in Fig. 7. The
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FIG. 8. L-dependence of magnetic excitation with an incident
energy of 19.7 meV at a uniaxial pressure of 1 MPa. (a) In this mea-
surement configuration, E increases from 0 to 8 meV with increasing
L from 0 to 1 r.l.u. (b) The intensity was integrated in the reciprocal
region of (H, K) = (0£0.2, —1 £ 0.2). The continuous intensity
along L suggests that the two-dimensional nature of a magnetic rod
in this energy range.

out-of-plane anisotropy ratio of J»/|J;| reaches 240. This
strong two-dimensionality of the magnet is consistent with
a magnetic rod observed in our previous measurement on
BaCoy g>Nig 18S, [14]. Thus, the magnetic interactions in this
layered material are essentially two-dimensional.

Figures 9(a)-9(c) show the constant-energy cuts of the
observed dynamical structure factor, S(Q, E), in the (H, K)
plane at three transfer energies (E = 40, 50, and 60 meV).
The in-plane anisotropy emerges with increasing energy. Fig-
ures 9(d)-9(f) show the constant-energy cuts of the simulated
spin excitations at the corresponding energies to Figs. 9(a)—
9(c), reproducing the anisotropy growing along with the
transferred energy. Figure 10 shows the observed (closed cir-
cles) and calculated spin-wave dispersions.

The momentum-integrated dynamical spin susceptibilities
x"(E) at two different reciprocal regions of (H, 1) and (1, K)
are shown as a function of energy in Fig. 11. The absolute
value is estimated based on the anisotropic paramagnetic
susceptibility model [27]. The integrated region is 60% of
one Brillouin zone. Within the region, the integrated dy-
namical spin susceptibility results in about 11.1+0.6 u%
from Fig. 11. Fully integrated dynamical spin susceptibility
in Q and E becomes g2S(S + 1). According to our magnetic
structure analysis, the magnetic moment was 2.33 £ 0.06 up
at T =200K. This value is fairy consistent with the inte-
grated intensity. Note that the overlapping region at (1, 1)
in the two scans along (H, 1) and (1, K) does not have any
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FIG. 9. Constant-energy slices of dynamical structure factor
S(Q, E) in the (H, K) plane at a uniaxial pressure of 1 MPa. (a—c)
S(Q, E) in the (H, K) plane at E = 40 (a), 50 (b), and 60 (c) meV.
Each slice is integrated in the energy width of 10 meV. The incident
energy is E; = 120.0meV. The color bars are in units of mbarn
sr™! meV~! Co~!. The quadrant intensity is averaged based on the
C, symmetry. (d—f) Theoretical simulations of a twin model with
a ratio of 60:40 at E = 40 (d), 50 (e), and 60 (f) meV for |H| <
2 and |K| < 2 r.l.u. The used exchange coupling parameters are
Sty = —4.3meV, SJy;, = —2.7meV, SJ, = 14.0meV, and SJ. =
—0.06 meV.

significant intensity in this magnet. The calculated dynamical
spin susceptibility in Fig. 11 is based on a twin model with
the twin ratio of 60 to 40, where the total intensity was ad-
justed arbitrarily. As for the calculated energy dependence,
the x”(E) sharply increases from 25 meV corresponding to
the appearance of a new branch with increasing energy. In ad-
dition, at E = 60 meV, the large intensity difference between
(H, 1) and (1, K) appears in the twin model. The anisotropy at
60 meV is consistent with the intensity anisotropy observed in
Fig. 9(c).

(H0) (1,K) (H,1)

0 1,0 1 0 1

E (meV)

I X M T Y3z

FIG. 10. Observed dispersion (filled circles) and calculated spin-
wave dispersion with SJ;,=—4.3meV, SJy, = —2.7meV, S/, =
14.0meV, and SJ, = —0.06 meV. The maximum energy of the dis-
persion from Y to Y+Z points is limited below 5 meV. Because of the
quasi-two-dimensionality, L is neglected for the other spectra. The
calculated dispersions are drawn with a full-width at half-maximum
of 8 meV, except for the dispersion along L in (0, —1, L), where the
width is 2 meV to show the low energy dispersion.
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FIG. 11. Momentum-integrated dynamical spin susceptibility
x”(E) at a uniaxial pressure of 1 MPa. The closed circles are in-
tegrated along H in (H, 1) within |[K — 1] < 0.3 rlu. of x"(Q, E) at
200 K on cooling. The open circles are along K in (1, K) within
|[H — 1] € 0.3 rlu. The solid and dashed lines were calculated
dynamical spin susceptibilities of the twin model integrated along
H in (H,1) and K in (1, K), respectively. They were calculated
based on the spin-wave model with a twin ratio of 60:40. The used
exchange parameters were SJi, = —4.3meV, SJj, = —2.7meV,
SJ, = 14.0meV, and SJ. = —0.06 meV. The horizontal error bar is
the integrated region in energy.

IV. DISCUSSION

So far, AF stripe orders are always accompanied with or-
thorhombic distortion in the lattice [3,5,6,10], suggesting the
strong coupling between them. In contrast to these previous
materials, the present AF stripe order takes place in the tetrag-
onal state without any strain, suggesting the weak coupling.
Nevertheless, the magnetic domain ratio was changed by
weak uniaxial pressures, while the lattice keeps the tetragonal
symmetry within our experimental accuracy. Here, lifting the
degeneracy by a strain enables us to solve the magnetic struc-
ture. The static magnetic structure and the inelastic neutron
scattering spectrum exhibit mutually consistent result of the
dominant spin configuration of Q, [Fig. 1(b)].

Within the calculation without a magnetic anisotropy term
by SPINW, there was no energy difference between Q; and
Q; stripe orders in the tetragonal lattice. This degeneracy of
these two stripe orders corresponds to the coexistence of Qq
and Q, domains, suggesting the stripe order fluctuation as the
domain fluctuation. It can also be interpreted as the spin ne-
matic fluctuation above the Néel temperature. By applying an
in-plane uniaxial pressure, one domain with Q, was preferred.
This feature is common with the case of iron-based materi-
als [11,12]. It suggests that the orbital degeneracy is lifted
in the electronic state. In our previous magnetic form factor
analysis [14], two sets of {(x? —yz), (322 — r?), and (vz+
zx)/2} and {(x* — y?), (32> — r?), and xy} approximately re-
produced the observed magnetic Bragg peak intensities. Here,
the former set has the orbital degeneracy of yz and zx cor-
responding to the present in-plane broken symmetry by a
uniaxial pressure. Based on this result, we conclude that the
electron configuration 3d"***2 of BCNS consists of x> — y,
3z — 2, yz, and zx unpaired electrons in the pyramidal co-
ordination of Co(Ni)>*. The present result is consistent with
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recent electronic structure calculations, where the unpaired
electrons of Co®* sit on x> — y?, yz, and zx orbitals whereas
those of Ni** are on x> —y? and 3z> —r?> [31,32]. The
electronic state with the orbital degeneracies of yz and zx
unpaired electrons is the same as those observed in iron-based
parent materials [3], where only yz and zx are predominantly
unpaired in the tetrahedral coordination of Fe?* with 34°.
Therefore, we may expect the lifting of orbital degeneracy
in this system. However, because the AF stripe order in this
BCNS takes place in the tetragonal insulating state, the orbital
mechanism with itinerant electrons [33-35] cannot be the pri-
mary origin. The remaining possible mechanism is a magnetic
scenario with in-plane symmetry breaking in the spin-spin
correlations of AF stripe order [1,36,37]. The present result
supports the magnetic scenario for this insulating BCNS. Two
magnetic domains with Q; and Q, AF stripe orders coexist,
where domains can be inherently fluctuating in the tetrago-
nal state like an iron-based compound [10]. The fluctuating
frequency could be estimated from quasielastic scattering at
low-energies. In our magnetic structure analysis, the magnetic
inelastic scattering signals are integrated in an energy range
from —10 meV to 10 meV, suggesting the typical frequency
below a few THz.

Strong uniform pressure effect [18] can also be explained
by the electron configuration. The uniform pressure is ex-
pected to lift the x> — y? orbital energy, leading to the electron
transfer from the x> — y? orbital to zx and yz orbitals. It effec-
tively dopes electrons in zx and yz orbitals.

Note that the AFI phase of BCNS locates at higher temper-
atures than the PM phase in contrast to the other MI transition

materials such as V,0s3 [38]. This is very unusual suggesting
that the high-temperature insulator phase of BCNS might be
stabilized by the present stripe order fluctuation. This is an
intriguing subject to study their relationship in the future.

V. SUMMARY

We revealed magnetic in-plane broken C4 symmetry of
BCNS in the tetragonal state under weak uniaxial strains by
neutron scattering. By applying the strain, the hidden mag-
netic structure of BCNS was revealed. The magnetic domain
ratio in the tetragonal state is only slightly smaller than the
nonmagnetic domain ratio in the orthorhombic lattice. Based
on our spin-wave calculation, this novel stripe order exci-
tation is quantitatively reproduced by in-plane anisotropic
Jia—J1p—J> model. The present dataset represents essential
features of the full momentum dispersion of the in-plane
anisotropic magnetic excitations of this novel AF stripe order
in the tetragonal state.
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