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Magnetic structure and dispersion relation of the S = % quasi-one-dimensional Ising-like
antiferromagnet BaCo,V,0s in a transverse magnetic field
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BaCo,V,0g consists of Co chains in which a Co®" ion carries a fictitious spin % with Ising anisotropy. We
performed elastic and inelastic neutron scattering experiments in BaCo, V,0g in a magnetic field perpendicular to
the ¢ axis which is the chain direction. With applying magnetic field along the a axis at 3.5 K, the antiferromagnetic
order with the easy axis along the ¢ axis, observed in zero magnetic field, is completely suppressed at 8 T, while
the magnetic field gradually induces an antiferromagnetic order with the spin component along the b axis. We
also studied magnetic excitations as a function of transverse magnetic field. The lower boundary of the spinon
excitations splits gradually with increasing magnetic field. The overall feature of the magnetic excitation spectra
in the magnetic field is reproduced by the theoretical calculation based on the spin % X XZ antiferromagnetic
chain model, which predicts that the dynamic magnetic structure factor of the spin component along the chain
direction is enhanced and that along the field direction has clear incommensurate correlations.
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I. INTRODUCTION

One-dimensional (1D) Heisenberg antiferromagnet, carry-
ing spin (S) %, has been studied intensively, because it exhibits
exotic phenomena originating from the quantum effect [1].
The S = % 1D antiferromagnet with Ising-like anisotropy also
shows an interesting quantum effect in the presence of an
external magnetic field along the chain, which drives the long
range ordered phase to a spin-liquid phase. This is due to the
incommensurate spin correlation in the quantum critical state,
developed in the longitudinal magnetic field [2,3]. The finite
interchain interactions give rise to a long range longitudinal
spin-wave-density (SDW) phase and the incommensurability
changes with magnetic field.

It was found that BaCo,V,0g shows such an interesting
phenomenon in longitudinal magnetic field [4-6]. BaCo,V,0g
consists of screw-type chains of Co®>" along the c axis, as
shown in Fig. 1(a), in which Co®* ions carry fictitious spin
%. This material shows an antiferromagnetic (AF) structure
with the easy axis along the ¢ axis and the magnetic wave
vector of k¢ = (0,0,1) below Ty = 5.4 K in zero magnetic
field. The magnetic arrangement is antiferromagnetic along
the screw-type chain (the ¢ axis) and ferromagnetic and
antiferromagnetic along the a and b axis, respectively [7].
The magnetic order is gradually suppressed in magnetic field
along the chain direction. A long-range SDW phase is induced
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by an external longitudinal magnetic field of ~4 T along the
spin direction below ~1.7 K [4,6,8—10].

Interestingly, transverse magnetic field was also found to
affect the magnetic order at relatively low magnetic fields in
BaCo,V,0s [8,10], although canted antiferromagnetic state is
stable up to high magnetic fields in the usual S = % XXz
spin chain [11]. In particular, when the magnetic field is
applied along the a axis, the magnetic order at zero magnetic
field is suppressed at ~10 T. Kimura et al. showed that the
effective field induced perpendicular to the external field can
suppress the long-range magnetic order [8]. The effective field
is considered to be induced by the screw chain structure, where
the apical Co-O bond of the CoOg octahedron is tilted by 4.8°
from the c¢ axis. There are four distorted CoOg octahedra in a
unit cell along the c axis and the directions of the magnetic
principal axes of the four apical Co-O bonds are different.
Therefore, the effective fields have four-step periodicity. Due
to the tilting of the magnetic principle axes, the g tensor has
off-diagonal elements in the Cartesian coordinate system of the
crystal axes, which generates the effective fields perpendicular
to the external field. According to the S = % XXZ AF chain
model with the effective local fields included, in the case of
the external field along the a axis, the transverse fields induced
along the b and c axes are “up-down-up-down” and “up-up-
down-down” type, respectively, as shown in Fig. 1(b). This
model reproduces the magnetization data well [8]. However,
there has been no direct experimental evidence to confirm the
effective fields.

The quantum spin chain system is also known to show
exotic magnetic excitations, e.g., the spinon excitation. The
magnetic field effect on the spinon excitations in S = %
1D Heisenberg AF chain was studied theoretically in detail
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FIG. 1. (a) Co®" ions in a unit cell projected onto the ab plane.
“4” and “—” represent the spin directions along the ¢ axis in zero field.
Horizontal arrows represent the staggered magnetic field induced
perpendicular to the magnetic field. (b) A schematic view of the
simplified Co chain in BaCo,V,0g. X and Z are defined along the
magnetic field and chain directions, respectively. Y is perpendicular
to both X and Z. When the magnetic field is applied along X, effective
magnetic fields with + — +— (hl;) and + — —+ (h%;) are induced
along Y and Z, respectively.

[12—15]. Coldea et al., Dender et al., and Stone et al. observed
excitation modes in Cs,CuCly [16], Cu(C¢DsCOO), - 3D,0
[17], and Cu(C4D4N,)(NO3), [18], respectively, under mag-
netic fields, which are not explained by the linear spin-wave
theory but by the theories based on the quantum spin model
[12—15]. Itis interesting to study the magnetic field dependence
of the magnetic excitations in the quantum Ising-like system
as well as the effect of staggered field on the excitation spectra.

We performed elastic and inelastic neutron scattering
experiments in BaCo,V,0g in a magnetic field along the a
axis. We observed that the Néel order at zero magnetic field,
which has a spin component along the ¢ axis, is suppressed
with increasing field and completely suppressed at 8§ T at 3.5 K.
We also found that the AF order with a spin component along
the b axis gradually develops with increasing field. This is the
direct observation of the induced effective field along the b
axis with up-down-up-down. Furthermore, the magnetic field
dependence of the spinon excitations was studied. Although
the uniform magnetic field effect was studied previously,
the staggered field effect has not been investigated. The
comparison between the theoretical calculations based on the
S = % XXZ AF chain model with and without staggered
field clarified the effect of staggered magnetic field. This
effect appears as a strong dynamic magnetic structure factor
of the spin component along the field direction and clear
incommensurate correlations of the spin component along the
field direction. These features are in good agreement with
experimental results.
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II. EXPERIMENTAL METHOD

Single crystals of BaCo,V,0g were grown by the traveling
solvent floating zone (TSFZ) method in air. The inelastic
neutron scattering experiments were carried out on a disk
chopper spectrometer (DCS) [19] installed at the NIST Center
for Neutron Research (NCNR) and a cold neutron triple-axis
spectrometer (CTAX) installed at the High Flux Isotope
Reactor (HFIR) at Oak Ridge National Laboratory (ORNL).
The dimensions of the rod shaped crystals used on DCS
and CTAX are ~6® x 40 and ~6& x 20 mm?, respectively.
We utilized incident energies of 13.1 meV on DCS. Energy
resolution at the elastic position is ~0.8 meV. Neutrons with
a final energy of 5 meV were used, together with a horizontal
collimator sequence of guide—open—S—80'—open on CTAX.
Energy resolutions at the elastic position is ~0.25 meV.
Contamination from higher-order beams was effectively elim-
inated using a cooled Be filter. On both instruments, the single
crystals were oriented in the (Okl) scattering plane and were
mounted in vertical field cryomagnets. The magnetic field is
applied along the a axis. The analysis and visualization of the
DCS data were performed using a software DAVE [20].

III. THEORETICAL MODEL AND METHOD

The AF chain in BaCo,V,0g is well described by the
S = % X XZ AF chain model [8], which gives the following
Hamiltonian:

H=17Y 1SS+ €SiaSisie+ S8t}
j

— 4B Zsngo, (D

J

where J, €, up, & and Hy are the nearest-neighbor ex-
change interaction, the ratio between anisotropic exchange
interactions parallel and perpendicular to the easy axis, the
Bohr magneton, a g tensor, and the external magnetic field,
respectively.

As described in Sec. I, the magnetic chain of the Co*t
ions in BaCo,V;,0g is the screw type with distorted CoOg
octahedra, which has four step periodicity. Due to the tilting
of the magnetic principle axes, the g tensor has off-diagonal
elements in the Cartesian coordinate system of the crystal
axes, which generates the effective fields perpendicular to
the external field. Therefore, the effective Hamiltonian can
be described as

H=1J Z{Sj,ZSj+1,Z +e(SixSit1,x +SjySjt1,v)}
J

— sy, {gXXHoS,-,x + hyS; ysin[2¢) +7(j — 1]
J

+ /’lej’ZCOS|:¢1 + —ﬂ(jz_ 1)i|} (2)

Here X and Z correspond to the magnetic field direction (|| a
axis) and the chain direction (|| ¢ axis), respectively. Y (|| b
axis) is perpendicular to both X and Z. hy and hy are the
absolute value of the effective field for the Y and Z direction.
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¢, is the angle between Y and a magnetic principal axis and is
set at 77 /4 in this study.

In order to clarify magnetic excitations of the effective
model (2), we calculated dynamical spin structure factors
along Q = (0,0, Q) at zero temperature, defined by

1
i
= ——Im(yg|S So.al¥a),
Yl QYL+ Eg—H+in & o)
(©)

where S  is the Fourier transform of the o component of the
spin operator, |Yg) is the ground state, and Eg is the ground-
state energy. An infinitesimal value 7 is set to 0.1 in units of
J. To obtain the magnetic excitation spectra, we used density-
matrix renormalization group (DMRG) techniques with open
boundary conditions [21,22]. Note that the total magnetization
is not conserved because of transverse magnetic fields, so that
we cannot utilize the total magnetization to reduce the size of
the Hilbert space.

Here we note that magnetic moments are induced by
magnetic fields, leading to a Lorentzian peak of width 7 at zero
energy. Such a Lorentzian peak also appears in S(Q = m,E)*?
for the Néel phase originating from the Ising-like anisotropy at
low magnetic fields. As the field-induced magnetic moments
increase, the corresponding Lorentzian peak grows and masks
excitation spectra at finite energy. To subtract the contribution
of the finite magnetic moments to the spectral intensity,
it is useful to measure dynamical structure factors of spin
fluctuations S; o = S; 4 — (S;4), given by

S(Q.E)*

- 1 o -
S(Q.E)y = ——1 ki S04
(Q.E) LII3h e gy i Seel o)
= SOE = (s, )
T E2+n2 ’

where the second term represents the Lorentzian peak at
zero energy originating from the magnetic moments. We will
present results of S(0,E)*® in Sec. IV B.

We performed DMRG calculations with 64 sites, using
the parameters in Ref. [8], i.e., J =65 K, € = 0.46, gxx =
2.75, hy/gxxHo = 0.4, and hz/gxxHo = 0.1 x +/2, which
were evaluated to explain the magnetization curve. We did
not perform refinement of parameters, but concentrated our
effort on the clarification of overall features of the magnetic
excitation spectra of the effective model (2). The number of
states kept in renormalization steps is 40, and the truncation
error is typically 107*~1075. The system size and the kept
states are sufficiently large to obtain converged numerical data.

IV. RESULTS AND DISCUSSION

A. Magnetic structure in transverse field

Magnetic Bragg peaks develop at (h, k, ) withh + k41 =
odd, i.e., (0, odd, even) and (0, even, odd) in the (0kl)
plane, below Ty = 5.4 K. Figure 2(a) shows magnetic field
dependence of the magnetic Bragg intensities. (0, 2, 1) and
(0, 4, 1) intensities slightly increase with increasing magnetic
field up to 5 T, then start to decrease and become completely
suppressed at 8 T. Large hysteresis was reported in Ref. [10],
which is interpreted to be due to magnetic domain effect.
We also observed such a hysteresis behavior in Fig. 2(a),
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FIG. 2. (a) Magnetic Bragg peak intensities as a function of
magnetic field measured at 3.5 K on CTAX. Filled and open symbols
represent intensities measured while ramping up and down the
magnetic field, respectively. (b) Observed and calculated staggered
magnetic moment along the b axis as a function of magnetic field.

but the difference of the intensities between ramping up and
down processes is much smaller than that in Ref. [10], which
reported that the intensities are different by a factor of 2. The
difference of the hysteresis behavior probably originates from
the sample temperature, 3.5 K and 50 mK in the present study
and Ref. [10], respectively. It is reasonable that the hysteresis
becomes more enhanced at lower temperatures.

It is found that new magnetic Bragg peaks appear at
(0, odd, odd) in the magnetic field. (0, 1, 1) and (0, 3, 1)
intensities gradually increase with increasing magnetic field,
as shown in Fig. 2(a). We found that the magnetic structure
factors calculated with the AF structure model, assuming that
the magnetic moments are induced by the staggered fields
in Fig. 1(a), reproduce the positions and relative intensities
of the magnetic Bragg peaks. The magnetic moment of the
ordered component along the b axis is calculated by comparing
to nuclear Bragg intensities of (0, 2, 0) and (0, 2, 2). The
magnetic field dependence of the ordered moment is plotted in
Fig. 2(b). In order to convert from observed value gyy Sy to Sy,
where gyy and Sy are the diagonal component of the g factor
matrix along Y direction and spin value, along Y direction,
respectively, we used the gyy value of 2.75 which is reported
in Ref. [8]. The calculated moment as a function of magnetic
field, obtained using parameters in Ref. [8], reproduces the
observed one reasonably well. This result indicates that this

024439-3



M. MATSUDA et al.

AF order is driven by the staggered magnetic field induced
perpendicular to the external field direction.

It is reported in Ref. [8] that the magnetic moments along
the ¢ axis (Sz) with an arrangement of up-up-down-down
along the c axis is predicted to appear above the critical field.
We searched for the induced magnetic order at 10 T above the
critical field at 3.5 K. However, no magnetic signal related
to the ¢ axis spin component was observed. S, predicted
theoretically at 10 T is ~0.04 g, which would be too small to
be detected.

Here we summarize the magnetic field dependence of each
spin component. Sx along the magnetic field direction is the
moment induced ferromagnetically, which gradually develops
with increasing field. Theoretical calculation predicts that the
moment is ~0.05up at 10 T. The magnetic intensity should
be superposed on the nuclear Bragg peaks, but the intensity is
expected to be too weak to be detected in our measurements. Sy
shows “up-down-up-down” type static order along the c axis
induced by the staggered field with Sy ~ 0.2 at 8 T, which is
consistent with the theoretical prediction, as shown in Fig. 2(b).
Sz loses up-down-up-down type static order along the ¢ axis
at 8 T and 3.5 K. It is theoretically predicted that “up-up-
down-down” type magnetic field destroys the magnetic order
and the magnetic order with up-up-down-down develops along
the ¢ axis gradually above the critical field. The theoretically
predicted moment is as small as ~0.04up at 10 T, which is
too small to be detected.

B. Magnetic excitations in transverse field
1. Experimental results

As described in Sec. IIT A, it is found that the effective local
field is induced perpendicular to the external magnetic field
along the a axis. We have studied the magnetic excitations in
transverse magnetic field and also in the effective magnetic
field perpendicular to it. Figure 3 shows energy cuts of
the inelastic neutron scattering intensity in the (Okl) plane
measured at 3.5 K. The spectra are integrated over the energy
range of 1.5 < E < 2.5 meV. The scatterings elongated along
k are observed around (0, 3, 1), (0, 0, 2), and (0, 6, 2) at
zero magnetic field. In the simple chain system, the scattering
intensity perpendicular to the chain direction only depends
on the magnetic form factor. In BaCo,V,0s, the dynamic
magnetic structure factor modulates perpendicular to the chain
direction because of the screw-type chain structure. Since there
are four chains in a unit cell, as shown in Fig. 1(a), there
should be four excitation modes. Two modes are degenerate
so that the two different modes can be observed. In one mode,
lower edge of the spinon excitation has minima and maxima at
| = even and odd, respectively. In another mode, the minima
and maxima positions are reversed. At 10 T, the excitations
split along [ direction. As will be shown below, the magnetic
field decreases the gap energy for the S excitations and
change the spinon excitations from being commensurate to
incommensurate along the chain for the Sy excitations. Both
effects split the excitations along / direction.

Figures 4(a)—4(f) show the magnetic field dependence of
the magnetic excitation spectra along / direction measured at
3.5 K. As described above, there are two magnetic excitation
modes. We chose a mode with the magnetic zone center at
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FIG. 3. Energy cuts of the inelastic neutron scattering intensity
at0 T (a) and 10 T (b) in the (0k/) plane measured at T = 3.5 K with
E; = 13.1 meV on DCS. The scattering intensity is integrated in an
energy range of 1.5 < E < 2.5 meV. The arc-shaped scatterings are
background signal from the aluminum sample holder.

| = even. In order to exclude another mode, we avoided to use
data in the range of 1 < k < 5. However, there is still a small
contribution from the other mode stemming from /! = odd. Itis
noted that due to the neutron polarization factor, the scattering
intensities observed at (0, 0, 2), shown in Figs. 4(a), 4(c)
and 4(e), originate from 100% of Sy and Sy components. At
(0, 6, 2), shown in Figs. 4(b), 4(d) and 4(f), 100%, 20%, and
80% of Sy, Sy, and Sz components are observed, respectively.
The magnetic signal is stronger at a smaller / value due to the
magnetic form factor.

At zero magnetic field, spinon excitations, typical magnetic
excitations from the quantum Heisenberg AF chain, were
observed, as shown in Figs. 4(a) and 4(b). The small gap of
1.8 meV comes from the Ising-like anisotropy. We calculated
the dispersion using the exact diagonalization method. The
dispersion can be well explained by the calculated value with
J =6.25 meV and € = 0.44. These values are consistent
with J = 5.6 meV and € = 0.46, evaluated to explain the
magnetization curve for H || ¢ [8] and J = 4.8 meV and
€ = 0.56 from an inelastic neutron scattering experiment [23].

With increasing magnetic field along the a axis, the
dispersion changes gradually. In particular, the low energy
excitations below ~4 meV around the magnetic zone center
looks differently at (0, 0, 2) and (0, 6, 2). In order to
observe the low energy magnetic excitations more clearly, we
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FIG. 4. (a)—(f) Contour maps of the inelastic neutron scattering
intensity S(Q, E) for BaCo,V,0s single crystal measured at uoH =
0,6,and 10 T and T = 3.5 K with E; = 13.1 meV on DCS. The
energy resolution is 0.8 meV at the elastic position. The spectra of
(a), (c), and (e) and (b), (d), and (f) are integrated in the range of
—1<k<1and 5 <k < 6.5, respectively. The intensity is shown
in logarithmic scale. The solid curves in (a) and (b) are the lower
boundary of the spinon excitations calculated for the S = % XXZ
AF chain model with J = 6.25 meV and € =0.44. [ =0, 2, and
4 correspond to Q =0, 7, and 27, respectively. (g2)-() S(0,E)
calculated by the DMRG method using the spin Hamiltonian [Eq. (2)].
To directly compare with the experimental data, appropriate fractions
of spin components are summed up: 100% of Sy and Sy components
for (0,0,2) [(g) and (i)]; 100%, 20%, and 80% of Sx, Sy, and Sz
components, respectively, for (0,6,2) [(h) and (j)]. (g) and (h) and (i)
and (j) are for 0 and 10 T, respectively.

performed high energy resolution inelastic neutron scattering
experiments. Figure 5 shows the magnetic field dependence
of the magnetic excitation spectra at the magnetic zone center
measured at 3.5 K. As shown in Figs. 5(a) and 5(f), multiple
excitation peaks are observed at zero magnetic field. This
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FIG. 5. Magnetic excitation spectra as a function of magnetic
field measured at T = 3.5 K with E; = 5 meV on CTAX. The energy
resolution is 0.25 meV at the elastic position. The spectra of (a)—(e)
and (f)—(j) were measured at (0, 0, 2) and (0, 3, 1), respectively.
The arrows indicate the excitation peak positions. The solid lines are
guides to the eye. Note that the logarithmic scale is used for vertical
axis in (i) and (j).

behavior is consistent with that reported in Ref. [23], in which
the excitations were found to originate from a Zeeman ladder
[24-29].

With the increase of the magnetic field, the peaks are shifted
gradually. The magnetic field dependence of the lowest energy
mode is summarized in Fig. 6. The lowest energy mode at (0,
0, 2), which is a degenerate transverse mode (Sx and Sy) at
zero magnetic field, is considered to split in magnetic field, as
shown in Figs. 5(a)-5(e). The lower energy mode gradually
decreases and finally goes below 0.4 meV at 8 T, where static
Sz order is destroyed. This indicates that the low energy mode
in Fig. 4(e) is almost gapless. On the other hand, the higher
energy mode gradually increases and the intensity gradually
decreases with increase field. The higher energy modes at
zero magnetic field also shift and may split in magnetic field.
However, it is difficult to discuss the detailed field dependence
from our data.

The scattering intensity at (0, 3, 1), shown in Figs. 5(f)-5(j),
originates from 100%, 20%, and 80% of Sx, Sy, and Sz
components, respectively, as that at (0, 6, 2). Therefore, at
(0, 3, 1) a transverse mode (Sx) and the longitudinal mode
(Sz) are mostly observed. There are two excitation peaks at
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FIG. 6. Magnetic excitation gap energies at the magnetic zone
center measured at 3.5 K as a function of magnetic field, obtained
from the magnetic excitation spectra shown in Fig. 5. Only the split
peaks of the lowest energy mode is plotted. The filled and open
symbols represent the data points observed at (0, 3, 1) and (0, 0, 2),
respectively.

1.6 and 1.95 meV at zero magnetic field. It was identified that
the former and later peaks correspond to transverse (Sx) and
longitudinal (Sz) modes, respectively [23]. The longitudinal
mode is more intense and softens gradually with increasing
magnetic field. Above 8 T, the excitation becomes much
intense and shifts to higher energy with increasing magnetic
field. Since there is no such low-energy peak at (0, 0, 2) above
8 T, where Sy and Sy are observed, this mode is considered
to come from Sz. This is consistent with the assignment of
the 1.95 meV peak as Sz mode [23]. The transverse (Sx)
mode, which is less intense, shifts to higher energy gradually.
This behavior is similar to that of the higher energy mode
at (0, 0, 2). The intensity at (0, 0, 2) is stronger because
of larger magnetic form factor at lower Q. These results
indicate that the lower energy mode at (0, 0, 2) originates
from Sy, which show similar magnetic field dependence as Sz,
observed at (0, 3, 1), up to 6 T. The Sy mode becomes almost
gapless above 8 T. The magnetic field dependence of the low
energy excitation modes is consistent with that observed by
electron spin resonance (ESR) measurements [30], considering
that the critical magnetic field (~10 T) in the ESR study
is higher because the measurements were performed at a
lower temperature (1.5 K). In our study, we identified the spin
component relevant to each mode.

The low energy features of the magnetic excitations in
a magnetic field are consistent with those shown in Fig. 4.
At 10 T, incommensurate magnetic modes are observed at
~2 meV around (0, 0, 2). On the other hand, the low-energy
mode around (0, 6, 2), where the gap is small, is very intense.
As described above, the incommensurate excitations with the
band minimum at ~2 meV, shown in Fig. 4(e), and the intense
excitation, shown in Fig. 4(f), originate from Sy and Sz
mode, respectively. These experimentally observed features
are reasonably well reproduced by the theoretical calculation
based on the S = % XXZ AF chain model, as shown in
Figs. 4(i) and 4(j). Detailed discussion will be given in the
next subsection.
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FIG.7. S(Q,E) calculated by the DMRG method using the
spin Hamiltonian [Eq. (2)]. (a)—(c) and (d)—(f) are for 0 and 10 T,
respectively. (g)—(i) are for 10 T with no staggered field (hy =
hz =0).

2. Theoretical results

In Fig. 7 we show S(Q,E)*® calculated using the spin
Hamiltonian of Eq. (2) with the parameters in Ref. [8]. To
clarify relevant spin components in magnetic excitations, the
intensities for Sy, Sy, and S are separately shown. At0 T, Sx
and Sy represent the transverse mode and Sz represents the
longitudinal mode. The intensity mainly lies near the lower
edge of a spinon band, indicating a spinon dispersion. The
spinon dispersion has minima at Q = 0 and 7, while the spin
gap opens there because of the Ising-like anisotropy. Note
that the total integrated intensity of Sz is weak compared with
those of Sx and Sy because the zero-energy Lorentzian peak at
Q = = is subtracted for Sz, while there is no such subtraction
for Sy and Sy.

With applying magnetic field, the spinon dispersion splits,
as shown for 10 T in Figs. 7(d)-7(f). At first glance, the
magnetic field dependence is quite different on each spin
component. For Sy, two dispersive modes crossing at the zone
center Q = m are clearly visible due to a relatively large spec-
tral weight along them compared with excitation continuum.
The momentum position of the dispersion minimum shifts
away from the zone center, leading to incommensurate gapped
minima. Note that incommensurate gapless modes appear in
the Heisenberg chain under magnetic field [12-15]. In the
Heisenberg case, the incommensurate soft mode moves from
Q = m to 0 in the longitudinal component, and from Q = 0 to
7 in the transverse ones. In the present Ising-like case, the in-
commensurate mode is gapped. The incommensurate position
moving from Q = m toward 0 agrees with the longitudinal
component. On the other hand, the energy position, where the
two incommensurate modes cross at the zone center, gradually
shifts toward high energy. The energy integrated intensity at
the zone center is reduced. These observations are consistent
with the experimental result, shown by triangles in Fig. 6. In
contrast, for Sy and Sz, the splitting of the magnetic excitation
mode is not observed at the zone center, but more distinct

024439-6



MAGNETIC STRUCTURE AND DISPERSION RELATION OF ...

around the zone boundary Q = 0. In fact, both Sy and S have
incommensurate gapped minima near the zone boundary. The
shift of the incommensurate position from Q = 0 to 7 agrees
with the transverse component. Furthermore, the characteristic
feature is that a gap mode at the zone center in Sz is very
intense, which is consistent with the experimental result. The
peak is at 0.5 meV, which is slightly lower energy than
the experimentally observed peak at around 0.7 meV. Note
here that the zero-energy Lorentzian peaks at Q = 0 and 7 are
subtracted for Sy and Sy, respectively.

To clarify a key role of the effective staggered mag-
netic field, DMRG calculations were also performed without
the staggered field, by setting hy = hy; =0 and keeping
the other parameters unchanged. Results are presented in
Figs. 7(g)-7(i). The overall structure of each component
looks similar to that with the staggered field. However, the
distribution of the spectral weight is rather different comparing
the calculated spectra with and without the staggered field.
For Sy, two incommensurate modes are observed, whereas a
high-energy edge has large intensity rather than a low-energy
edge. This is in contrast to the case with the staggered field,
where the two modes are equally weighted. The change of the
intensity distribution is also found for Sy and S. In particular,
the intensity around a small gap mode at the zone center in Sz
is much reduced. Thus, a large dynamic magnetic structure
factor in Sz originates from the staggered field. Here the
Lorentzian peaks at Q = 0 and & are subtracted for Sx and
Sz, respectively. Note that, irrespective of with and without
the staggered field, the static magnetic structure at 10 T is
“up-down-up-down” type. Only the difference is the spin
direction, i.e., the Y and Z directions for with and without
the staggered field, respectively. Therefore, the X direction
is perpendicular to the AF moment in both cases and Sx
is expected to show similar excitations. This suggests that
the effect of the staggered field does not cause a significant
change of the dispersion itself, but affects the intensity distri-
bution, so that the incommensurate excitations become more
visible.

As described in Sec. IV B 1, experimental data involve a
mixture of three spin components. In order to compare the
experimental and theoretical results in a more direct way,
appropriate fractions of the three components are summed
up, as shown in Figs. 4(g)—4(j). At 0 T, since there is
no remarkable difference among the spectral shapes of the
three components, the excitation spectrum looks similar
regardless of fractions of the three components. At 10 T, the
calculated intensity in Fig. 4(i) is in good agreement with the
incommensurate correlations observed around (0, 0, 2) experi-
mentally [Fig. 4(e)]. The theoretical result does not explain the
gaplesslike mode observed around (0, 0, 2) which is intense.
This is probably because the critical magnetic field is estimated
to be ~6 T with the parameters in Ref. [8], so that the gap
energy at 10 T is calculated to be much higher than the observed
value. On the other hand, Fig. 4(j) reasonably reproduces
the observed excitations around (0, 6, 2) with regard to the
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intense peak at the zone center, originating from the Sz mode
[Fig. 4(f)]. The theoretical results shows the crossing structure
at the zone center, originating from the Sy mode, whereas it
is missing in the experimental results probably due to a small
magnetic form factor. As shown in Fig. 5(j), the intensity at
2.8 meV is much weaker than that at 0.7 meV.

V. SUMMARY

We performed elastic and inelastic neutron scattering
experiments in BaCo,V,0g, consisting of fictitious % spins
of the Co?" ions with Ising-like anisotropy, in a magnetic field
perpendicular to the chain direction. The AF order of Sz in zero
magnetic field is completely suppressed by 8 T of magnetic
field along the a axis at 3.5 K. Most importantly, we found
that the AF order of Sy gradually develops with increasing
magnetic field along the a axis. This is the direct experimental
evidence which shows the induced magnetic moments due
to the staggered field perpendicular to the external magnetic
field. We also studied magnetic excitations as a function of
transverse magnetic field. The lower boundary of the spinon
excitations splits gradually with increasing magnetic field. The
overall feature of the magnetic excitation spectra in a magnetic
field is reproduced by the theoretical calculation based on the
S = % 1D X X Z AF model, in which a large dynamic magnetic
structure factor of Sz and distinct incommensurate correlations
of Sx are predicted.
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